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FIGURE 4. Molecular surface of the NHE1-CHP1 complex. A, molecular surface of CHP1 and backbone tube
representation of NHE1 with yellow stick that shows the hydrophobic side chains. The N- and C-terminal
domains of CHP1 are colored in blue and magenta, respectively. B, molecular surface of NHE1 and backbone
tube representation of CHP1. Hydrophobic, acidic, and polar residues are colored in yellow, red, and biue,

respectively.

accommodate different targets. Although target multiplicity
has been reported in the case of CHP1, it seems to possess more
limited binding modes than CaM. One notable feature of CHP1
that illustrates its difference to CaM has to do with the interdo-
main interaction. This interaction restricts domain orientation,
a phenomenon absent in CaM. In our CHP1 structure, residue
Leu-62 of the N-terminal domain participates in a hydrophobic
interaction with residues Val-138 and Met-141 of the C-termi-
nal domain, and residue Ala-69 of the N-terminal domain inter-
acts with residue Leu-122 of the C-terminal domain. A side-by-
side interaction mediated by four EF-hands has also been
reported to take place with voltage-gated potassium channel
(Kv)-interacting protein (KChIP) (45) and with CNA-CNB (46,
47) (Fig. 5A).

The atomic r.m.s. difference of well fitted parts between
CHP1 complexed with NHE1 and CNB complexed with CNA
(Protein Data Bank code 1AUI) is 2.7 A, indicating that the fit is
not very good, aithough the topology is identical with a high
Z-score of 11.8 from a distance matrix alignment (DALI)
search. The r.m.s. deviation value improves to 1.7 A when only
the N-terminal domains are superimposed, and it is 1.8 A when
only the C-terminal domains are superimposed. This indicates
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that the higher r.m.s. deviation for
both domains originates from an
interdomain swiveling between
NHE1-CHP1 and CNA-CNB,
although both proteins bind cog-
nate targets in a side-by-side man-
ner. Similarly domain swiveling was
observed between NHEI1-bound
and NHE-free CHP1. Swiveling of
the N- and C-terminal.- domains
could create a binding surface for
cognate targets.

Comparison with Other EF-hands—
It is interesting to note that both
EF-1 and EF-2 adopt an open con-
formation in NHE1l-bound CHP1
without Ca®*. This is especially evi-
dent when comparing the angles
between the EF-hand helices. In Fig.
5B, a graphical view of the interheli-
cal angles between the first and sec-
ond helices of EF-1 and EF-2 of
apoCaM (a typical closed confor-
mation), Ca**-CaM (a typical open
conformation, CNB), KChIP1,
NHE1l-bound CHP1, and NHEI1-
free CHP1 is displayed using a vec-
tor geometry mapping method
(48, 49). The first helices of the EF-
hands are superimposed along the z
axis, and the spatial localization of
the second helices are shown as a
cylinder. This indicates that both
EF-1 and EF-2 of NHEIl-bound
CHP1 adopt an open conformation,
whereas EF-1 and EF-2 of NHE!-
free CHP1 adopt an open and semiopen conformation, respec-
tively (Fig. 5B and supporting information S1). This implies that
EF-1and EF-2 adopt a constitutively open conformation. How-
ever, it should be noted that the hydrophobic cleft of the N-ter-
minal domain of free CHP1, as revealed by the crystal structure,
is plugged by additional linker residues (Leu-Ala-Ala-Ala-Leu-
Glu-His) (23) derived from the expression vector, partly mim-
icking the NHE1 helix (Fig. 5A). Binding of the vector-derived
linker might have facilitated adoption of the open and semio-
pen conformations of EF-1 and EF-2, respectively. Therefore,
the possibility of a “closed to open” conformational transition of
EF-1 and EF-2 remains to be evaluated.

The binding of EF-hands in an open conformation without
Ca?* to target molecules has been found following crystal
structure investigations of a Kv-KChIP1 in which the Kv frag-
ment is covalently linked to the C terminus of KChIP1 {45). In
this case, the Kv fragment binds to EF-1 and EF-2 of the N-ter-
minal domain of KChIP1 through hydrophobic interactions
{Fig.5A). Of particular note, KChIP1 forms a dimer utilizing the
surface formed by the Kv peptides and helix 10 of the C-termi-
nal domain of KChIP1 in contrast to NHE1-CHP1, which exists
as a monomer (Fig. 5C). The interhelix angles of EF-1 and EF-2
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FIGURE 5. Structure comparisons. A, ribbon representation of NHE1-CHP1, rat NHE1-free CHP1 (2CT9) in
which additionai residues from the expression vector interacting with the N-terminal domain (LAAALEH) are
depicted in magenta, CNA-CNB (1AUl), and Kv-KChiP1 (156C). Protein Data Bank entries are shown in paren-
theses. B, vector geometry mapping of EF-1 and EF-2 apocaimodulin, Ca2*-calmodulin, calcineurin B, Kv-
KChIP1, NHE1-bound CHP1, and NHE1-free CHP1 are denoted as “apoCaM,” *CaCaM,” “CNB; “KChIP®
“NHECHP,” and "CHP,” respectively. Hyphenated numbers 1 and 2 denote EF-1 and EF-2, respectively, for each
protein. C, comparison of the KChiP1 dimer and CHP1 structures colored in brown and blue, respectively. Bound
Kvand NHE1 are colored in pink and green, respectively. The dimer interface of KChiP1 is shown as a dashed fine,
and one molecule of the dimer is shown in light colors. KChiP1 and CHP1 are depicted in the same orientation.
in Aand C, the N- and C-terminal regions, aA, and the CHP loop of CHP1 are not shown in the comparison for

reasons of clarity.

are 82° and 72°, respectively (supporting information S1), which
are slightly larger than those of CHP1. A dimeric interaction in
addition to binding of the Kv fragment may contribute to
broadening of the cleft constituted by EF-1 and EF-2.

CHP1 shares 18% sequence identity with KChIP1, and the
folding topology is almost identical (Fig. 54). However, the tar-
get recognition mechanism differs from that of KChIP1 as
judged from the determined structures. KChiP1 belongs to the
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extensively studied NCS1 family,
which act as important regulators of
various functions among certain
higher eukaryotes (50). We propose
that the NHE1-CHP1 interaction
represents a novel binding mode
utilized throughout the four-EF-
hand proteins, which constitute a
distinct subfamily to the NCS1 fam-
ily. Furthermore detailed compari-
son of the binding mode of CHP1
and CNB will be presented below.

The CHP1-NHEI Interface—The
protein-protein interface consists of
an extensive hydrophobic concave
CHP1 undersurface and an apolar
NHE]1 surface. The concave under-
surface spans both the N- and
C-terminal domains of CHP1. The
total surface area buried at the inter-
face is 2338 A2, slightly smaller than
the value of 2625 A for the interface
between CNA and CNB (Protein
Data Bank code 1AUI). Approxi-
mately more than 90% of the total
buried surface area between NHE1
and CHP1 is hydrophobic, similar
to the complexed structure of CNA
and CNB.

The interface formed between
NHE1 and CHP1 includes methyl-
containing and aromatic hydropho-
bic residues. The residues of the
N-terminal domain of CHP1, Ala-
69, Phe-90, lle-66, Thr-86, Leu-87,
Phe-35, and Leu-54, comprise a
hydrophobic cleft that interacts
with the apolar surface formed by
the side chains of NHE1 residues
Leu-530, lle-534, and lle-537. Addi-
tionally the side chain of NHE1 Leu-
531 expands the hydrophaobic ares
interacting with CHP1 Phe-90 (Fig.
6A). The C-terminal domain resi-
dues of CHP1, Ala-163, Thr-159,
Leu-139, Leu-135, Tyr-122, Phe-
176, Ile-171, Phe-117, Ala-118, and
Leu-121, constitute a continuous
hydrophobic cleft that interacts
with the N-terminal portion of
NHE1 helix residues Ile-518, Ile-522, and Phe-526, which pro-
trude at the apolar side. NHE1 residues Leu-527 and His-523
make additional hydrophobic contact with CHP1 residues Tyr-
122, Phe-176, and Val-185 (Fig. 6A). These interface-forming
hydrophobic residues are well conserved within NHE and CHP
isoforms, reflecting the importance of these interactions (Fig.
1B). Furthermore the acidic side chain of Asp-528 at the center
of NHEL1 helix seems to form a salt bridge with the basic side
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Solution Structure of the NHE1-CHP1 Complex
A
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FIGURE 6. Noncovalent interactions at the NHE1-CHP1 interface and contribution to the overall stability
of the complex. A, molecular surface of CHP1 and backbone tube representation of NHE1 with yellow and red
sticks that show hydrophobic and acidic side chains, respectively. Hydrophobic and basic surface residues of
CHP1 are colored in orange and blue, respectively. B, superposition of NHE1-CHP1 and CAN-CNB (Protein Data
Bank code 1AUI). NHE1 and CNA are shown in green and magenta, respectively, and the molecular surface of
only CHP1 is depicted for clarity. Complex-forming hydrophaobic residues of NHE1 and CNA are shown as sticks
and are labeled. CNA residues are represented in italics. The left-hand image and the right-hand image are
close-up views of the N- and C-terminal domains. C, binding of His-NHE1 peptide to GST-CHP1 mutantsinan in
vitro pulldown assay. Bound peptide was separated via SDS-PAGE, blotted to a membrane, and then visualized
using Ni-NTA-conjugated alkaline phosphatase (top). The amount of GST-CHP1 mutant used was estimated by
Coomassie Blue staining (bottom) for calibration. The binding of NHE1 peptide to GST-CHP1 mutants was
quantified and expressed as a ratio of binding of wild-type protein at the top of the gel images.

Ile-534 and lie-537 protrude into
the shallow cleft made by the CHP1
N-terminal domain. Meanwhile
NHE1 aromatic side chains of His-
523 and Phe-526 protrude into the
deep cleft of the CHP1 C-terminal
domain (Fig. 6A). This deep cleft
allows enough space so that they can
interact with the bulky side chains
of NHEL. The difference between
the shapes of the domains is critical
for NHE1 binding orientation.

Notably the shape of the interac-
tion surfaces of NHE1-CHP1 and
CNA-CNB differs. The spatial
arrangement of NHE1 and CNA
residues that contribute to form the
interaction surfaces differs for each
(Fig. 6B). Only Val-349, Phe-350,
and Val-357 of CNA are located at
equivalent positions to Ile-522, His-
523, and Leu-530 of NHEL1 unlike
other residues. Cleary Trp-352 and
Phe-356 of CNA that interact with
the roof of the hydrophobic cleft
formed by CNB are missing in
NHE1L. Furthermore the interac-
tions mediated by the C-terminal
stretch region of CNA, where Leu-
369 and Leu-371 protrude, are
absent in NHE1. On the other hand,
the corresponding residues to Phe-
526 and Ile-518 of NHE1 are absent
in CNA.

Consequently the interaction
mechanism dominated by hydro-
phobic interactions through amphi-
pathic helices and four EF-hands is
common in both complexes, but
their shape differs. This surface
complementarity in terms of a
knobs-into-hole mode of interac-
tion defines the binding specificity
of these proteins, although the fold-
ing topology is identical.

Correlation with Mutagenesis
Studies—The solution structure of
the CHP1-NHE1 complex is essen-
tially consistent with previous
mutagenesis studies concerning

chain of CHP1 Lys-188. The presence of this interaction was
observed in 10 of the final 20 NMR structures derived using the
MONSTER server (51), which identifies interacting residues and
assigns the nature of those interactions based on the structure.
These residues are also conserved (Figs. 1, A and B, and 64).
NHE1 binding orientation relative to CHP1 is probably
established by surface complementarity that comprises the
hydrophobic surfaces of NHE1 and CHP1. NHE1 side chains of
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NHEL1. Co-immunoprecipitation experiments showed that the
4Q mutant of NHEL, in which Phe-526, Leu-527, Leu-530, and
Leu-531 are substituted with glutamine, displayed no binding
to CHP1, whereas the 1518Q/1522Q NHE1 double mutant dis-
played some binding albeit with decreased affinity (3). Our
structure determination revealed that Phe-526, Leu-527, Leu-
530, and Leu-531 form a hydrophobic core that interacts with
the center of the hydrophobic cleft of the C-terminal domain of
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CHP1, whereas lle-518 and Ile-522 interact with the rim of the
hydrophobic cleft of the C-terminal domain of CHP1 (Figs. 4B
and 6A). Deletion mutagenesis indicated that NHE1 (residues
510-575) retained binding affinity similar to the wild-type pro-
tein, implying that the juxtamembrane region of NHE1 com-
prising residues 503-509 is unimportant for CHP1 binding (3).
These residues were found to be unstructured in the present
study and form no direct contact with NHE1.

The binding activity of NHE1 (residues 530 — 656) lacking the
N-terminal segment was found to be completely impaired (3).
Our NHE1-CHP1 complex structure shows that an absence of
residues preceding Leu-530 results in almost complete loss of
interaction between NHE1 and the C-terminal domain of CHP1,
whereas the many hydrophobic interactions mediated by
NHEI] residues Leu-530, Leu-531, Ile-534, and Ile-537 are
retained (Fig. 64). This indicates that interaction of the N-ter-
‘minal residues of NHE1 and the C-terminal domain of CHP1 is
indispensable in maintaining the NHE1-CHP1 complex.
Namely this part of the interaction plays a dominant role in
NHE1-CHP1 complex formation.

CHP1 was subjected to site-directed mutagenesis in an effort
to reveal detailed individual contributions of interfacial resi-
dues toward the overall stability of the NHE1-CHP1 complex.
We selected three categories of residues in CHP1: 1) residues
that comprise the floor of the hydrophobic pocket, Phe-70,
Phe-90, Phe-117, Ala-118, Leu-121, Tyr-122, and Met-189; 2)
residues forming the rim of the pocket, Ile-66, Leu-139, Met-

-142, and Val-185; and 3) a residue forming the salt bridge, Lys-

188. A noninteracting solvent-exposed residue, Val-102, as the
positive control and a triple mutation involving hydrophobic
residues Phe-90/Leu-87/Leu-54 and Phe-176/Met-142/Tyr-
122 as the negative control were prepared.

Dramatic effects were observed in terms of CHP1 binding to
NHE1 with mutations F117Q, Y122Q, and V185Q (Fig. 6C).

We expected the floor-forming residues located at the bottom -

of the cleft to be critical for the interaction, but the rim-forming
residue Val-185 showed significant reduction similar to the
negative control. Based on the solution structure of the NHE1-
CHP1 complex, it was appeared that Phe-117, Tyr-122, and
Val-185 were confined to the C-terminal domain of CHP1 and
were packed against the apolar side of NHEL1. This suggests that
the C-terminal hydrophobic cleft represents a mutation hot
spot, implying that it plays a key role in the NHE1-CHP1 inter-
action. This result is consistent with the NHE1 deletion resuit
indicating that interaction between the N-terminal segment of
NHEL1 and the C-terminal domain of CHP1 is domiinant. This
represents a unique feature of the NHE1-CHP1 interaction.

Although mutation of residues possibly involved in salt
bridge formation such as K188E and K188R resulted in a
marked decrease in binding interaction, the effect was not
strong, and the charge-reversing effect of K188E was
unclear. Thus, it appears that although this salt bridge con-
tributes to NHE1-CHP1 complex formation, it is not the
main force possibly because this bond is exposed to solvent
(Fig. 6A), and therefore solvation could weaken the strength
of the interaction.

Role of CHP1-—NMR investigations of NHE1 complexed with
CHP1 revealed that the juxtamembrane region comprising res-
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idues 503-517 was unstructured in solution. This region isrich
in basic residues with a previous study reporting that NHE1
comprising residues 506 —576 bound to PIP, in vitro (13). In
addition, residues 513—520 and 556 —564 might represent PIP,
binding sites (13). Accordingly it is likely that this juxtamem-
brane region (residues 503-517) following the last transmem-
brane helix (H12, residues 478 — 499} is incapable of forming a
continuous straight helical structure into the cytoplasm due to
interaction with the membrane. Rather the overall structure of
NHEL presumably turns or bends toward the cytoplasmic
membrane following a PIP,-mediated interaction. Assuming
that flanking regions of the helix, residues 513-520 and 556 —
564, attach to the membrane (PIP,) (13), the helix and CHP1
should be located immediately beneath the cytoplasmic
membrane.

Furthermore it has been reported that NHE1 acts as a scaf-
fold protein linked to actin filaments via ezrin-radixin-moesin
proteins in addition to possessing function as an ion exchanger
(52, 53). Our NMR studies revealed that the cytoplasmic helix-
forming residues of NHE1 comprise residues 518 -537, which
showed little overlap from the previously reported ezrin-ra-
dixin-moesin binding region (512-520 and 550-565). This
ensures simultaneous binding of NHE1 to CHP1 and ezrin-
radixin-moesin proteins.

The juxtamembrane region of NHE1 forms a particular ter-
tiary or quaternary structure that is mediated by interactions
with the membrane (PIP,), CHP1, and ezrin-radixin-moesin
proteins. The overall structure of the juxtamembrane region
might play an important role in NHEL1 activity. The 90% loss in
activity following CHP1 depletion might be due to disruption of
the structure of the cytoplasmic region of NHE1 around the
membrane. In fact, although this represents in vitro evidence,
the amphipathic helix is disrupted in the absence of CHP1
based on the CD and NMR data (supporting information S2
and S3).

Possible Mode of Regulation—CHP1 deprivation resulted in
impaired regulation of NHE1 following external stimuli, imply-
ing that CHP1 acts as regulator of NHE1 by involvement in the
processing of intracellular signals derived from external stim-
uli. However, the regulatory mechanism remains unclear.
Although it was reported that CHP1 is an N-myristoylated pro-
tein, CHP1 does not exert myristoyl switching in a Ca?*-de-
pendent manner under normal physiological conditions
because EF-3 and EF-4 constitutively bind Ca®* ions where
N-myristoylation was not required for NHE1 binding, activa-
tion, or localization (14).

Of particular note, it was reported that CHP1 is a phospho-
rylated protein, although the phosphorylation sites were not
determined. According to the phosphorylation prediction
server NetPhos (54), the CHP1 sequence contains potential
phosphorylation sites located at residues Thr-36, Ser-37, Ser-
47, Ser-131, and Ser-172 (score, >>0.8). Similarly the phospho-
rylation server Scansite (55) identified potential phosphoryla-
tion sites located at residues Thr-36, Ser-37, and Ser-172 (score,
>0.5). From the determined NHE1-CHP1 structure, residues
Thr-36, Ser-37, and Ser-172, predicted by both servers as
potential phosphorylation sites, are locate at the terminal part
of the EF-hand helix or its flanking loop where the side chains of

JOURNAL OF BIOLOGICAL CHEMISTRY 2749

_62_

2002 ‘og Aenuer uo (SANQQ) OV NIOHOS YNMOQ 18 Biooglmmm woJy papeojumog



The Journal of Biological Chemistry

o

Solution Structure of the NHE1-CHP1 Complex

the aforementioned residues are exposed to the protein surface
reinforcing the possibility of phosphorylation. Phosphoryla-
tion-induced conformational changes in CHP1 and the subse-
quent regulation of NHE1 activity are interesting areas that
remain to be investigated.

Conclusion—We have determined the solution structure of
the cytoplasmic region of NHE1 complexed with CHPI.
Although previous biochemical analyses suggested that the
hydrophaobic residues of NHE1 were likely to interact with
CHP], the present study has delineated the structural basis for
this interaction. The solution structure provides concrete evi-
dence that the cytoplasmic region of NHE1l forms an
amphipathic helix that interacts directly with the large concave
undersurface of CHP1. This helix is disrupted in the absence of
CHP1; thus the loss in activity following CHP1 depletion might
be due to disruption of the structure of the juxtamembrane
region of NHE1. Our structure provides a first step toward
understanding the regulation of NHE1 activity. Moreover it
revealed a novel target binding mechanism mediated by four
EF-hands. These findings should facilitate future studies aimed
at understanding the mechanism underlying recognition uti-
lized by EF-hand proteins that are engaged in signal transduc-
tion pathways and many other molecular and celiular events.
During the initial review of our manuscript, a study appeared
that describes a crystal structure of the NHE1 peptide com-
plexed with CHP2 containing Y>* ions instead of Ca®* (56).
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S XS v — o DS - {EENEE L s

BIHAIE Na' /H TS | D F DO RBET

E K g X X X B, 17 - ~NCF7T—,
i (EE) XE, & B 8 F-

MR pH, Na*, HEEFBORGIIH oW 2EMOEFIZWLATHS. Na'/H KR
¥4 (NHE, Na'/H' exchanger, SLC9 77 3 Y —E, d\ ) I hdoMiagiicEy
TREERLIVAKR—F—D—DThH5. NHEI LB A+ VR AVEY - BIFHR
F-BEES LSS SFLMEN Y ZFNICloTHE SR TS, NHE A + V8
BEEOECFE LTEETHZ R T, ARANREZORERICET 2REL
T8 —HFELTHRRBEVHERNRE ZoTWS, 72, NHEOHEZICRELZ:
HEY 27 MGDEBPHERRELR LOS T SERMBEBECHEL TS Y, 20K
BRBOMBIEIH L WIEREBEII DL ML LI BERTIEETHS. FRTIE, NHE
WL B4 F UEkE ZOMERE, LRSS N IBEINY - YBKRY Y
B CHP & NHE X7/ F FHEGHEOEHBIE, HIVA M0 74 —EL EOHEREREB L DS

. B C & i

PG YAR——BRE_ERL VW) BEZRATYES
BROICEHETLIEVIBIREREZH oy NI E
Thd. E£ME, BEARHIZCEIERBRY Y FAREHA
WT, 72, 2EFTVFTAV =T TIRXNVLAEREOR

DARERELLZENHEALRL, KEICZOL ) BE

BLREOIEN V., Z2ERAIOHARZ H v Toca™
DO AAERTEOBEVEEEZBICLT, ZO8HENS
UNRIBIZEoTITbRATWAZ L EZHI-2 &, [E:
RTT, £IRoTAFUIBITNBEDESLH 2] L)
AL DBEHLT-<IlRToTwolz. SEOBHD
F—=<THDHNa'/H'ZBEEALK (NHE) ENa"'E H' %

ENERERL Y Y —EFBRS TEEY (7565
© 8565 KRIRAFRHETHHEH & 5-7-1)

Mammalian' Na*/H* exchangers: from molecule to disease

Shigeo Wakabayashi, Takashi Hisamitsu, Youssef Ben Am-

mar, Tomoe Y. Nakamura-Nishitani and Yuko Iwata (De-

partment of Molecular Physiology, National Cardiovascular

Center Research Institute, Fujishirodai 5-7—1, Suita, Osaka
" 565-8565, Japan) - .

BIZOWT, FEOLOBREDRREZ FLICHEBL L2,

RBEHETHFTVAR—F—ThHoH, BEOAH=X
LHBBI L, FRIZH T LTEKREVNDIZFDT
WRIERRDOBBTHY, TN OHRELER
LDOBREES ) ATOEELRR-AIDRoTwE, &
B ORFES TiE, FEEHELIRES EROBTH B
REHALCESRL, NHELWHIB L2 IS VXA KE—
F—lZOoVTHLTHREOEIACHM->THITELER

-

2.
' 2. NHE O & 188

-1, SFELEEEE

Na*'é H'2 B REXETH I VAR~ — 3 EEAR
PoEBMIE T, REE - - MELXMDLT, MIEEICEK]
FET B, 19894k P NHEI B @Ic s a—=> 7
EN, NHE7 7 IV —WRBTAHAHFREELL T ARHE
BETUOTAV7+—sHESINTwS (NHEI-,
SLC9A1-11). NHE1-5 2<#If8 D & B, NHE6-9 %% M
HASHEIHEETHEELORTEY, ThEROBERT
BEOBREZESOETFEINRTWSE. NHEZ7 73U —%
YR BSFIL, BEN - BENICRLLIKRERZDOOF
AL VT HIELNTESL (B1A). Thbb, EESE
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580

N2 RAEER, AT VEEEFEIPS0BENSLD
HBRHRFES N7 I (N) KEMOBEES x4k,
AF VEEEFETHLELONDHH 300 BED 5% 24
FREDBENHVEF N (C) KEMOMBEN AL T
H5. BEREEIN/NHEIO B L U'NHEIL T, BE

%EEFX4/&%x%ﬂfwtcimﬁﬁﬁLéBL:

Gr-hBERNALY, FA TV v 2R Lt F FREEE
F—7BLUEEBML VY —DFEESTFEINATEY, #
DHELVBIIFELING. 8T, EBELIFELLTH-T
WA NHEL 2 6w A E/BICEBHICRETE Y4 7T
Yy, MAWpH (pH), MELIA Na'#BE ([Na']), HifL
BFROGHE Voo bITHBEDA + Y EEE R T
HEHBELREDO. X5, NHEL &, ®LVEY, HEERTF
RPEREEEALZ EONR Y FIVIZE o TIHHEILE 1T,
HMBATVAVAEBLY Na*LL LRICEESET 2. AT
5;5u,:onu®ﬁﬁmubﬁ$% TEFLE
BERRICBIBIRS 7708 = é&bﬁé@f D
AN = XAwm%uﬁ?%ﬂ%Téoxf%Eﬁféé
ﬂmzafWL;éNmﬂﬁﬁmmﬁﬁ HMBE N XA
VITHE Tééi?i&ﬂ@l%@#A DD T
/@w&t%ﬁbf %%%ku&ﬁ¢éth/ﬁ %)
REBENMICI - TRIZEEZONTV D, 2813 E
LI TR,
2-2, HA47—RK

fDEL DL AFE— & — LRI, NHEL 54 Y =
I—RERTAHILIUEISMENT W, 73 )43
1&#) DSS ALBIZ L » ¢, NHE1 ($ X U°NHE3) i2#faE
LTESICGFHEF SN, BEREKBLBESFFEOMEIC
REESh2?, ZORBIZCREBBE F AL V2 REL
72NHE1I THERILDT, V) I-—HREIBEESE N2
AYHETRIBEEZSNLY. LA L, NHEL D¥EEEIC
BILE) IR -BROBRIIALAToh ol BEDS
&, Cys BEZF/Z72 v NHEL #X— R {2 Cys AL Rk
Z2RECERL, FROOLEBHNICHT 5 SEE R L
7:. FORE, MEIﬁ%ﬁﬁLTmKO%UjV Tt
BLTAT— BRI B ERBALSY. K642, Ml
LD Ser375 % Cys IZ B #: L 72 NHETE &1k T3 SH 221§
AIMEIZL ) NHEL EHEVZERIEMH SR L2 5,
AT UVEROBILENEFROY Ty AT S S OREE
BERIL, STFEERITOBEEHBL20IH
REEISBEEINLEZZLY. O ERF4<—BD
HEEAEERG 2 ECEREECEETH RN
RARLTVS, ZORFEIBIKRET 272012, HFHEr
Rl WERMAGE2621 £ BEEICER ¢ THEY NHEL
LDOANFUFT4AT— 2R ER-E &, BRERIEIEI L

BEHERIT LS. FOBE, E2620BVFIF Y MRS

T4 THEFEBE SN (@ IB). ThbDDL Na'/H ZH

(Hfb% £79% $Hoer&

EREAET 5 — R L FETH S HBEABRELED pH -
B 13 2621 DRFTERICAGI SN (2), HERTF
bo ¥z kB pH EA (NHEL OEHAL) XL
EL7% b). LEOKERIE, ¥4 < —FEA NHEl 08
ZEFIHICBRODTEETHAZLERBLTWS, JloE
Birb, F3 f/b*ﬁ?%?”ﬂ@%ﬁkléﬁﬁmi
viAy é@d¢ﬁﬁﬁ@iﬂ%&m{®ﬁﬁmféb
pH<6 DMK H BEFBABVRICREI G2 nI L
Pbhol. ZOIERL, FI7— i 4 V% E
@é@LZ%&@T@&( th/&—(xﬁfﬁﬁ)#
ELBEEZRETLIDOINLEATHILELILRS,

24.th>#—

EREFEFETZ2RAL TR L CREZRETS
& 512, NHE1 OMBEMICI H 8RB L3825 &
FRIshBpHEt yH—HUBFEL, pHEB L T =
F— L THEEEEZRE L pH EES 2R T 25825
FREBITHH 5. .pH LY — I NHE EHEREO T &
CHOHRETHY, TOFEIEENCOERLHRE
Kt mmﬁﬁ#ﬂﬂkﬂﬁmﬂmNa&ﬁﬁmnﬁv
LRET B OIEpH 8B 2 BT TH B, 7
ﬁﬁuﬁ%ﬂﬁﬁénéodmtyﬁ—#%Wﬁﬁ%
TEHOTHY, THARATY F—Y2060EP i
EALE pH & > % — 2 H* 264 L C NHE % ALY 5 2
LThAH. pHEYF—id, MEOTYF—YX -7
TO— Y ZA%BML, $-840Y 7+ VIZEE LT NHE
EEE2EASEE L ETMRICT A5 TFHRMAEETH
5. .

—f%f\=, NHE MM 2 B L7205, 2Na B Y
AAHEPEIREpHEFEZE=Z S =THI L Lo THIET
&5, LaL, ThSEE-F (T2b5 [Na'l/[H']
ML) EHEO pH R T, HBSSERAL & H R4 24T
(pHE ¥4 —) e G ICHRERNICEET AL BEENS
Jed, FNLERERMICENTL L EEETHS. ft
#, NHE DM i 2ObMMEBICEH L 72%Na* DHEH %
BETHIE, BREELLTOH EHBAETE LTOH
OFIRDEI R BTz, IhHZERHIKJT LI LT
& 29 [2CITRT LI, *Na BB, MiakE
EHMTRIALEZOLND Na'/H'EE,-LFHEENS
&I pHE R & EDIET L, pH7.5 TELIE
k5% (pHEy FRA V). COBRRKE, BESME T
iééth/# #ﬁ&?%i%&&%@ —DTH5.
EFNVCHBELLS. EZAkW?lok,m%HMLm
A EHEICEDLL 2EEO H AN EET L
x%n% I%ﬁ&nuﬂ@%u«wﬁﬁﬁoH(/

"’j '%%ruamut)%Ak;ofﬁﬁm
irwbb ME#Jixﬁ%ﬁﬁ%%o;oL&5k
BEESND. ZOBRT, ¥/ 7 BOKBLMEEELE
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. P
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.
(N

' \? Ca?*,
‘\\ PKC,
etc.

o mock NHE1 E262!

10 min

6.9 E262i

1] NHEl1DE I ROV —EFABIV A v—EROEBRNERICEHTLIER

(A) YAF4 YEBEEBFCIIEEINABE N RO Y —F70. BPICRLZT I/ BRERR, ZEEANES
DETEHAREEHRSHEOBETEL26LA200 (A), MBEANpH REEIBEMNS 7 r2RLZ D (F), 7
VIV 7 P EFRLELO (B) 28T, SFEEEIERET 226 LA Cys BARAE (). /2, CKEE
WREBEREHEEBT AN 2 HBEFERL:. CHP . ANy =2 —Y Y YBHI V' 2%, ERM. ZX), 5
F4xFY Y, FELY Y, NIK Nk EESFF—¥, CaM: ANVETV 2V Y, 1433 . 7F 75~ 32 &, ROCKI:
Rho ¥+ —¥ 1, CAN : REBIABE O, EL : fllgstv— 7, IL: HifaAN— 7, R-loop, reentrant loop. R : &4,

PKC: 7u5 4 vF+—¥C. (B) BB LWERAELADFIF VAT T4 THRERLGER. (Rt
MAETE NHEL (B % oM (CCL39 MIig) IRBB~<— 4 — L & B &R NHE]L (WT) & 5 WiZE 4 E2621 (Glu262
FHe \ERLADD) 2RFF 38/, Na'/HKRIEEZ N KFE pH BEODHEEIC L s TRMb o742, pHE
B E L NHE]l Tl S h, E2621 Ti>NEY NHEL HROBEFERICHGE S 5.
THH POy Il 3 SEARNBTERILEN, BENICpH D7 LA VIR 540 (ER), E2620 2 BH ¢
BECOTAHVLRESIINEL. (BE). PorE VHRSEBEESh s —BNOHABRESEL () R EE
I HRACHBRICE - TRIAH, EB2A2RRLTOMBAY /7)Y Z7REFICERIAZLEZRLTNS

(MEb) NHEL RMMEET

L) RAERBL»SEER A NOLKBHEVER
ATy THRETHEEZONS. BRRENT &I, L~
AZEBIINHEL ICHXTNHE3 D F AP R )EBNRET S
EBRF-I¥H 5.

JEE— FIEWD pH EKERIZ ST EFLERICL o TT
VAVEDBVIZBERICY 7 P TAZESALNTWS

P, THEE - FEEL SOMEO B ZEL S
ETWHEDESIH? HBRNATPHEEBOFITELTA
B LTS, MIBRAOATP 2 ME SE 5 L pHIEFEY
EEMEEICAE L Y7 M B (M 2B), EE— FIEHES
FIEBTALEE - FAHOLrL L 0BEOBMELET
EETH pH KEROBEE Y 7 MBI Y32 b -V g
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(1 #79% Bes

EER(A)

(H
®e %o ©
M
o)
g 71 D
Y £ sz
Sock 2NN 7
B '30.5 fm&ﬂ&pxl EPN-ER
& ? —
g | S 0 BALPK |
55 60 65 70 75 ° 5 6 7 8
PH, pH;
SE -~ 1
i @ BB L
3 = E LER ¥
E z0s
‘(zu 4 iﬁ .
B : g
8
; 0 =%, )
5 X 6 7 8
HEBEPK pH;

— pK,=6.7, pK,=7.1, n=3
= pK,=6.7, pK,=7.1, n=1
w— pK,=6.7, pK,=6.0, n=3
— pK,=6.0, pK,=7.1, n=3
— pK,=6.7

2 NHE1#*pH ¥4 — (H'HIHBE) =875 v iR

(A) H'IZ & 5 NHEL /LD €5V, NHEL I2id Na* & H' 854 % Bt SR DA B30 1 % B+ 5 B A%
EL, HHEEICLBTEEE ) 25EMEME (A) ~OMEEIET > THHT Na*/H ZHREE I EET
EEXOND. BT, 2ETHL HOBRRIEHEL TS, B)(C) BB L UMK ATP B L &% T T,
“Na"BL ) AH 38 & UNa' PHTEY, § &b b NHE1 OMEE— F ([Na']/[H') 388) $5Wid#E— F (Na'1/[H'],
) EHEEAOpH TAELZ. O)B) pHEVH—EF) (A) CEEREAEDLZEHAL, E- #T— Fo
NHEL &£ pH KM E ¥ I 2 L—Y s ¥ Lo, 8% - SISO pH CHT 3 pK % pK., pKe, SIEEEAT IS5
AHOBEZnLT2E, B -BE—FEKLD pK=6.7, pk=7.1, n=3 Dk ZEHMEL X (& (B), n=17T
T — FOBEESR HIC X 2EMAPRATE 2w (). 7, BEREILS 2VEIRET S, pH LHI245
WE— FIEED shueoff IRBEE Wy (RE). 7, ATPHBIIEE — FO pH KR 2 BEMICKE LT b &
CHEE- FEREIILALHERSES BBIUC) 2, ZOHSIL, BEHITIRE SEREO B SMED KIS
BETTEI>TwAI L2thd (F). 2¥%0, GRBMO BB EFT R4 Ial -y v TIRER
BELIRTIREREE— FIEHOLB 2 7033 FE205TH5 E, &),

YTEHNT2DIZENEBES TIEE Vv (K 2D, F vsff).
LaLl#E—-F2R2L, SO H BMELZET s
HLEVIaV— Va3 VORBRTF-ILAET A, K
MCWMERVCOBRMEOETIIERER (M20) Lk
CRMICEEORE 2EMELZ6LTLES (K 2E,
Fovsif). SO Lid, NHEFEEAEREET O L BT
DEATIEE L, & LTHERLO H BMEOELIC
Lo THB SN TVE I L 2RET 5.

pHE Y — DG FHERIIBHIA T VA, Zh

ITORBERD» GMBBANN— 7ICHEET 5 Argddo

Arg327, Argl80, CRWMFE FA A v BIUOFRIIES
TE2AINY a2 ) BRI VYNNI ECHP HEETHS =
EHFRBRENRTVS (A1), BEFHEIEEEF AL
YICEBFLTHEETAMREMNOM S 2DKE Z2HHEE
PHEEL, TOPOHMBREFH ZRATAIZILIZLS
TRIBEETALYH F4 VHABLIERL, TR
onile b EFEEIND. pHEIIE L TED L) 2
BEMAPEIY, &S EBREEE D O EERIAL B
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-'bHP-unique
region (CU)

&3 CHP2/NHEL-RXT7F FHEEDHEE

(A) BEBHED ) K /E. 196 B 5% 5 CHPZ i N-lobe & C-lobe DK E%Z F A4 Y767, FRIZINHEL~
Vv 7 A (Arg516-His540) #®ET AR ERHEN DS, EF3 & ER4 W RERMLICHEA LA Y413 V3 EEL T 5.
CHP2 RISk E L REX W7 CHP A DEENH S, (B) HEMSOZEMAHEE. NHEINY v 7 A3 K TR
L7:. (C)CHP2-NHE1 HEfER D#EMl. NHEl OBKERES CHP2 OBRE, S 2 2BAERr v MIRE 5TV 3.
C-lobe C & His523 & Tyrl23 & D K FE # &, N-lobe T 12 NHEL fll ® Asp536, Ile537, Gly539 & CHP2 ] ® Arg30,
Arg3d £ OXREHREHFLEL, CHPZ/NHEL B#RBOMEEERIIEFST 5.

ENDZOPEVIBEMIEITXTON/H'T ¥ FH —
S lHBLPLHGETHE. BEHEDONS/H'T
¥ FR—% — MjNhaPl O Z RIT# & Tid pH E{LIZis L
BEBEANY v 7 AOMEMMBOESREB S hA?.
72, RKBE7 v FHF—4%— Nhaa OESHETIX, MRE
N—THIHBREDCI SRS —DHEEL, HES -

* B MR B RO NHE 13 5 H#i £ E (exchanger),
CHEEROD DR T VFR—F—LtRIINALZ &
MHEL, ERTRIIOBRICEL 7. LAL,
Na‘'t H' 2 XHBBET S EVWIEXBEBIFALTH
D, NHEHT7 VY F R~y - BEhEZ L0 H5.

B U THEERNY v 7 ADBEEIEI D T4
BB Atopen TR EBBEINTWEY, /-, BEHK
RBENHELP LI -EERRBOHHAEDO T R
F—%— (LauT)WTRONE I )%, Arg-Glu BRI
B BERHE (salt-bridge) A NHEIWZ O HFHEL, pHIEKER
ICHIBBA S — FORBA* BT L-ABELT{LZRILT
WAHTEERED H 5.
2-4, CHP D38 &1k

FHEBIZRET S5 4 7O NHEI-NHES /2 id Ca* & &
VNS BETHDHCHP HEEICEET LI EAHLAK
ERTWBESY, FEELOREDHENTICE NIE, NHE1 &

-69-



584 S (Hfb¥ £79% #e6o

>

2Na* YA

(nmol/mg/min)

md
+HUYRSAK
BS5 HBYAPMPITL—FETYI A mdx 178
F5HUERTL Pk smEREny
=
(A) #VRS A4 FOILEHEE B) mdx
TR AHVERTA FELEOKS GBE)
T5L, BROGEROZEALYEMNR SN
Jeo N MNRIVY U/ F T Y R —
Jid 100um.

[ METERRFA
NHEO#ER B & Bl D#R

.....
LALT T seeund

CHP-unique ‘. .
region (CUy &, L= munn—7. 157 |
. pHE> S o J DR

E4 CHPHA'Y v H—4EE (CU) DN

(A) NHE1 & & D ICFFAER (WD) BLUCUBRBRERSE G5 04-104 #BEL) &
72 CHPZ ZHEH L, ®Na BUY AR EM O pH KL% HIE L7z, A4-104 LRIz
Lo TpHIRFHEMEEMICY 7 M52 8T, BEMENRC L. MW H BEK
FHEHNEEX12BRLYIEA FA—7I22 0, BEREOBEA H OBES5I5R
Ba3hsd (EAR). (B) CHP2 & NHE1 @ Cys ERE# (HA ¥ 71E# CHP2 ® DI5C B
LU NHE1 @ M41C) MTRI 25 FHEE ZREAZHBEB LR, SHBE S5
BL, AR—H—DRIDORL 2 2BHEOMIS RETEBRE*1T) &, HAER
CHP2 & NHE1 Bhic, SF8 130kD O LWEHME S A0 F () B X s,
COFRIE, BALZCys RIEAZEMBIECEEESMDBZILE2RET 5. ©
CHP {JIZ NHE L ME/EHA LIBAEUMNL R L 2 E8HEEL, Bho ~EBE 0
BB BULCTo0BEERABNEREICEET 22 LSRR ST,

0
. K
L TP

BABEA»S 15FY7-0 15FOCHPASNHEL & & 12
BB XN T BDT, NHEL ¥4 v —%72) 2 5F D CHP
EEENHELICESLTWALEZONS, HIECHP I
PR ELIBEOTA V74— ADNEETZ I L
LT3, CHPl id 5@ 2SI EEBHICRET LD
LT, CHPZ B AMMEE L OB ISENICRE

L, CHP3ixE & LCOBICEBET 5. CHPI-3 XA NEKE -

B (Gly2) IV A M4 VLE iz, OO EFNY KE
F—TEHOCEEI VNIET, A=)

DBH¥T2=v b+ (CNB) LHHREMNDH 5. EBIC Ca®
PEETHDIICHPI/2 TR EF3B X U'EF4TH b,

CHP3 TIZEF3 DA TH S. NHE IZ# & L 7 CHP1/2 D
Ca" BAEIIBHICHE VDT (K,=1-3nM), ERFN > F#
NEEEC e v —& LTHRETA D TIIR L, B
BIZCa" e EERDIT LI THEREEIISS L
NHE L BEICHEET 20T HREZ E-TEELDS
haY CHPI/2IENHET7 AV 7+ —LADBEETOHOCEK
mMRE N A4 >~ (NHEL Tit 7 3 / B 516-540) &4
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TAHILILL>TNHE OBEERFEL, GURFICLA
RiEEEEIY. 2L 2, CHPEEATELRWVWER
NHE BFEEBEICIZIBHE T 5D DD ZDiEHEIZ NHE/CHP
BERICHRTELIEL (5-10%), EHED pH KEFES
SEHICBEMCY T P LT, 487, CHP2 b LAY
Tazy b LTHEBWERZRBEI Y5 ST CHPLE
HFELTWB A, CHP2 iZAAMBE DB WAIFRP pH D
FICBAS T2 L 2T THBREBE TS,

ZEH OB, CHP2 & 0 NHEl & &HB ¢ 0BE&k
DIEGEER, YA A VY OEET, LTADBEBETHRE
L7=®, CHP2 iIZiZHRIZKE LHKEICEALZENDD,
FZIWNHElI®CHP £ EHEBEBE TS a~) v 7 X3¢
BARMREOEEMITITAILIINT o TWVAE I EARE
aht: (B3AB). £7:, NMRIZX o T N BERS
@ CHP1/NHEI X 7 F-FEEHEOHEIIB VTS, NHEL
DoY)y ZANBDATN:ARRKRELBEOEEY
BERTELY. 20 “Fy b Fy/HEE" ZCNB B X
CEFNIZ B ¢ 72 neuronal calcium sensor (NCS) 7 7 3
J—DHLDCHHEEI VNIBETRONDBEDTH A,
CHP2 i3 &6 T55%x47X28ADH 4 X% HbH, 12W/D
ANY v 2 AL AFDB i — k& EH, N-lobe & C-lobe ®
ZODKRELRFAAL V6B, CHP2ZIZIEN-B LU C-
lobe 0% CHEHRVY VH —HEBH Y V7 BOAI
REBTEIIDEENEETSH. T L& CNB/
NCS 773U~z v 37 BIZIZFEERET, EEH
iX CHP-unique {CU) region & Bt A T\» 5 (I 3A).. BB
BWC LIS, COEBAO AspYS i RFTHRET
CHP2 7 F DY EF IR T A LIZE»T, ZRT L
XFVTN I QEBREEENT AL THEL R LN
TEREVS SEIHBF L. O CHP2/NHEL R7F K
BEEROKRILE 2L Y BEAETH - 1208, BELH
THTIE LD TIOEEENZEY A+ Y OFEFTTO
HFERILTELPE W) BHEMB Z LATE L.

CHP @ B K M2 i 12 1 C-lobe—N-lobe ? J7 [i] {Z NHE1
@ 2a516-540 FHE D F N ZFHN—C FFOREE Tl DA
FNTWAH, NHEINY v 7 A RBEEEDOE Gly539 T
N-lobe DBEICEEE M TITIZE A ICIHNEASY, His540 »

SEONICHDEZ Ldthdolz, €T, CNB/NCS 77 3
V=D Ca*EEY VN BENRE BN ERET L RE
E@THDH ) H? N F TCHP D lIZ CNA/CNB,
KChIP1/K*'F ¥ 2 WV Kvd DEF3FICB W THELTHEE
DPEINTVEY, BEORELLZORMICEZ B D
DBEEFBLVEN->TL B, E—ICBHAREORLAE
ETha. Thbb, ANVETV2Y YRFFORFOTENY
Lo THBEOENTEBRTEINDLIIELRY, Tho
BENEINTZCNB/NCS 77 3 —F VN7 ETIEN-
lobe/C-lobe FIPHE/ERICL - THEOELRESWEDH S
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PULOPLZYBREBEICHAESATEY, £Zljustfit T 5
B HH vai del Waals B2 ML THEEAL) B &
V) ENRTTEITONL. BN v 7 RO ENIHFET
AHEAERELFTITANIAR-ZABHEERTVS. &
TN, BETABENLKEREEOFETHSH. Clobe fll
IZt2 NHE1 @ His523 & CHP2 O Tyrl123°L DTS, N-
lobe Iz iE Asp536, 4116537,  Gly539-& CHP2 @ Arg30,
Arg34-k DAEREEGIFEEL, NHELNY v 7 X OECEH
L BFLRECHRDONTNS
amkﬁ@mMm77\u—®w@x/n—Lm&
Vv CUERAH BH%, T HEiHni(A94-104) :LT H:NHE1
LOREERICIRE o EB LR, (LA L CUSEB%E
REE® 5 L NHEL EH O pH EKEEMSEBEMICY 7 T
Bz ktbhiol: (B4A) PN HFHERLZ EH» 6, 20
FRHy.bR2HFT1 THREpHE V= DH BEZEH
THRol-bThrbEXZOLN. TOZEDS, CUSE
BIE NHEIAAEO—HMEMAEERAT I LI L o THEE
HAHICEPLIOTELZVWHIEEZON. BREVW. L
I2, “CUSEIRAI O Asp95 @ Cys Rk & NHEL @ pH ¥ ~
U UTBRBICTEELEL G TW AR ILS WD lleddl @
CysEREZHMICHER LEBHCTRETLI LTS 8
2 BHLHE S NI G 7= s VAL EAY FHBBE L (
4B) . F 0L D 12 4EE X CHP2 DD D Cys BRET
BBREESRZWOT, LS CUBERLEEERT2ESE
THBTEENE V. ChoDBERPS, CHPIZIZZD
DREREEFDHBLEZONRS (H4C). H—IT, NHE
TJ773IY—DLEFEF Ty b &L THAKE cleft & D4
WHEEH2E L CNHE 2 BENICEEfbsE (T4b
H NHED##EO—HE LT, SEERLZRESES &
WIHETHAH: EZICCUREB E NHE OMlaR LV — 7 &
DEHEEHENLTNHEIL L 2 pH £ ¥ ¥ ¥ 7 O
MIcEPBEWI ETHB. LoL, BICHEEOCHP O
EEHEA T4 =5 — L LTOBEEICIRY YBIt2E&D
REREL OBIRENTEYVSEOMEDERDIF/ -h
5. ’ . 7

3. Mmtﬁ%

mml//777b KM'vvxoﬁﬁle NHE!
DOFRRIZIBITIEEENHEL NI, ThbwT R
BRI ERE 2 RER L TA5, % T 2 BT
BEIRRERS TADLASEREREL LORBEEEERE R
L; BEILATICEE$ 57 — X 2%\, NHEl RIBIC L A8
ERRHERT Y F—YABLUTHE CAlARDOBRHEA
BREFORRO—DLEZOLNTVE. —F, BRLHIC
B AEN-BERESE, FLOEXRRLLAE ﬁA&Z
D IR ﬁkNﬂﬂ@%ﬁﬁiUﬁﬁ@ﬁ%mL B b
nfwé.é%kmm@ﬁi%m%ﬂﬁ;heﬁﬁ%ﬁ
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BTBHIEhb, NHELAZhORBOEE L AT 4 T—
F—ThrHrLTIMEVBEDHD. KETIIINETH
HESNTE/NHE L HRE (JICORBLENA) LOBRK
EHRHL/IOL, FEOFRERBLAHB YA b 74—
EDBRIZDVWTET. '
3-1. NHE &&EREDERF

NHE &R | O EM-FEREEOR, NHE1 DR
BOLRA - EHOTLENERI ), FERPLGEEOFR
KESTHLEZLNTWAD.,. FDOAHXLELT,
ARACEREEB L UFEKEYOBRBIRB IS A TY
5. FTRMICEY, AT K-V AR ATP LAV
DET, T/ NHE 2 EHRAT2BA0ROABEY (&
BANEr, BBLAERY) OBNIRI 5. BIERT
Y F—VXENHE 2 BEEESILLpH 2EE ST L H L
TAHEN, FRICEVHBERIZKEDO NS BRAT 5. —
7, ATP LRIV OETIZ X ) Na*, K* ATPase {§HEAAE
SNB-O N PFHH E NS, AN AERES K
5. SO LIXHICHERICBIT A Na'/Ca R idh %4k
(NCX) O#E— FEALZMBAC”BREH (Na'-
dependent Ca’* overload) %18 &, 4+ OMIBEEZ 5| &
BIZ¥. $%bBH; NHE, NCX, Na', K'/ATPase =¥ D
HEMERICE 54+ AR ERERARED L 25T
BELTA3iTHs. EB, pHAETIC L) MK Cai
ELA BDOOND I &, /29754 ¥ (Na*, K* ATPase
FHEARD) IV BI-BEREENE/NLT LI NHE BE
AN EHETLIILRES %@ﬁﬁﬁmaﬁﬁ&mm
EERBRTIR|ENZENTVS
wﬁ,ﬁchw#ﬁﬁﬁwxw XAaqu =3
HEFRED NHE OFEHILR L2 5 pH LR SHEREED
CELRBRETHHTHB (pHNT Ky s 2" LEIS
CebHB). Thbb, BmMEOATPETIZL ) RAK
V3= 7u T 7 —E¥ANEHILE ZT T 2 AH M
MDD ICERICIEESA TV, L2578, .2
NSR7TVA)EICEEpH 28> TV A O FERICE
9 pH: EFIC L o T—&RICEMILEh, BEES LI b
Y Py TEROBENED 5
_nBM%EMﬁéﬁFikﬂblmmoﬁﬂmm
EH (HUERSALF (B5A), ==FK354F) », L8k
DYE, BIUGEOEE, FREROCEERL, BEERHEOR
W, 13 REBOUBLEHLDIENNTA—F—IZBNVT
B HREERERTI LR L ORI THEENT
W3, FZ0RREENREE S UCHBERROBE RS
TEDHNRDLHEMTH B &5, NHEFEHEILIZE 3
AEEEILBV AR LD ERZ2DO X =X 2 HH5
LTWa I EARBENS., 20X %2 NHEL BHRHE
ERXOBRITERTFMICE TICHA SN, THRERZ#HD
BE%E35 L L7z GUARDIAN trial (Guard During Ischemia

(k% %£79% %65

Against Necrosis) LS8 LHEEREL HRICL /2 ES-
CAMI trial %2 E M ER E LT B, # L T GUARDIAN
trial Tit, &L LTIRBEEROHREITTE Sz ho7:
SO, —8, TERASA NSAEHmEZITENAYZZE
FBUIZIBYWTREBEOHNIRI A FREDHE VI EREHNH
7o EHICHIEBRRABRICB VT, NHE HEH AL HEE
BOVEFY) IR, BRPABLEICL > TEL AL
K- BREREDBRTIEVEEINTNS

Z DX S I NHELOEHALIR, SoEn-BEkrRE
DHELZLFTLRADTOLRICHHES L TW AT i D
5. FZE BT FVFY VEFSEERASELLS
YRAVzZwrRIAICE VT NHEL ORBEREE DT
EABD SN, CHOoDRRABTH 5.0BKR0 AR
b, LARENRAVARETAL FIZLVBRINDLZEY, 7
ANP (atrial natriuretic peptide) EBMHERE Y AIZBT S
DK O RELD NHERREFICE YV BREN DL Z
LR EREINTWS, 50K RIT, NHEL A5F
WEVRHEETF, MRS EELOL0B) EFY Y
FREFICI->TERILESNLI LIS LBEBRTE S, 7
72 pH OB FD L DD Y YN BRI HBYEX DT
awaﬁmmltﬂm%& u%k&&@ﬁﬁﬁﬁ#ﬁ
bhs, o
NHE & 2% A ¢ 7b=/ua)9f/ﬁ£ BA BEBIIBWTDH
NHE1 OBEEMEH S Tw a2, EE#AKR T, MIEn
NopHAERIHELTEY, MBERIET VA ), i
BEIC 2o T, ZThIEBABREFEREMICERL
SNBENHELIZEZbDEEZ TS, #IBAT IV
AIVLRHROBEERODALVEBD SN THEY, MF
FEHFAELLTOMRSREZFIEREIL, IB2ALEZVWKE
OMBERERR SES. ZORBIEIBAMABICLZZEBD
H¥HEH VT o TELR S pHARDMER, Thbbas
AREORUNREOERERY. S oOB/NEEIZ, Mias
2 M)y T ADHEARTIFVDVEFTY VI EBRL,
FNENDBADERA, BBIZFSTLEEZLATWVS
3-2. "NHE &I X bAT 0=
%/sz74—(%/z)tuﬁﬁmomﬁ EZHL
BEZBRYVELLZNS, RECHEHLGHETHIETL
T BEEHRBOBH TH L. BEEHPLBEER,
BRRBEAE N ORA BRBEICSE SN DY, BLHEED
BOORFLy v ABHIA T 4 — (DMD) Th
D, 1987 EICHIBEER Y VNV BETHB VA PO T 4 Y
PEOREBREF & LTRES 2. DMD BSHC b #ifa
BRRY VN JBEORBEICERETAHVANKS Mbn
TBOHMEIEDGNTWEA, WEFHBEEDEL
WHFRAH= XAu%B#f&< EW%ﬁ&#&wwﬁ
BRTH 5.
%%eu/xbn74/kﬁ1%/x%%ﬁ?6vvx
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(mdx) £7:@HNV3 7 ) H U RETCHIRALLHBEERE
fESHNAR Y — (BIOW.6) ZEFNVEE LTHEAL,
HEHICHRNLEOEFR+#ToTEL. BENHEDOHE
EH (DYESL FHBWVIZEPA, {LEEEIIEHSAS
B) *BERICHLTHENTHL I L bDh o7, NHE
EFARSRCIERSBRICERTHEROKEL 251m
HOLTFUFF—¥ (CK BEOAERZRD & Q&
TMFVY) /G Y URBETCEBINIHEROREN
ZHoNh: (B5B). I/, EB/IITTIAEZRLEHoH
A7)y IFAFTHIRIC L ABEZHREBH2HELEH
BOBEENFMEITo72& 2 5 NHE BEARZRERIZBW
THREREIRENS. TDXH ZNHEBEHIC L 3
HEROHEBHENSS, Y AT NHE EHLsh
TEH Na* L, DERICE ST, BIH TR L H 2 Na*-
KEE CBERHIRIY, HERIFIERI SIS
TEEEAE 2 S, o :
FITERIHBIABYH SRR L5l L AV,
NHE BER OHEBRE A H = X2 2 REF LA [Na*),
CREBARIZTEELORBES VNS E, NHEB L U
NCXiZar o= nwieBIAHTEB S FREICE{I
Lol BHRAD N Y AAEBRETozE 258
Na"BUD) AHDKERS (65% LA L) HSNHE D RBHE
HTHFH SR LICL VHRBICBIT 2 Na' A
NHE DFEHKEVWI L, #LTNHE 2T 5 HALG
VAGHMBRTEALTOE ZEHBALA. B YR
MIBTIR, 2ROV IHART [Na') ER, pH O£
5, NHE %0 pHEFEHDO T VA )V H~ADY 7 FHE
BEINALZ LTI NHEEENEREICLALTWwAE T
EHHBL B AGHARTIINBECTBEEZ LTS
& (0.5—5.0mM) I hFu— N TREZIhEw Cail
ADLEADBEBDOONED, COLAEBHVESALA FTHS
PULORET L LISV ABS K, TLFRULRICLY
@Eﬂﬁk;é%xx%mwﬁeoCKﬁm%Wﬂénf
CEHSL BFEH): ChoDFERIZ, HEEICEARA
Ca*BE LA NHE OEEN 2 EHIAELKRELFS TS
ZEERBELTWVWA. NHE HEFORBUENRIL, &
TADBHHTRILA 4+ VREBREDO—WELFEITY

ICEERLEDIH L WERRE L EXL2EERRAT YT

KabEBbhs!

BiE

FRICE LA, BIERSHRL Y Y RS
WTRIE 5 FHILTo 2R ICETVTE Y 3. BER
HOMEMIBONTEREINA TV EEEF2EDT, %
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A DFAIZCTHEBEET LA E2ECHILBLLET
F. 3 LEREEERCE LT, YEROoORBLE—18
1 OB T bDTHEILEFIIICBLAEXRE
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1. FSZR=—2ICL 3 pHEIME

TNAJpHIZ K B
NHED 52 & 7z #l

AMERIEICTIET 5 A % By th R (NHE @ Na*/H* exchanger,
NBC : Na*/HCOs cotransporter) & BEHX 9 523 (AE . anion exchanger,

CHE : CI-/OH exchanger) .

B :NHE{ENa*E H' %1 I 1DAPAFF A M) —TRBEETHH, £
DFFPUIIEEMEHE2EI WAL TH S “pHE s H—" FARAES K

TWhEERXLNS.

C . MRERIHEEE L - T Uk T B e, METE MT Y AR- 7 HUEHE
{EL, pHiZFHMEISIERY. 29 L TE&TOMIBRIEDOREIC

BEi 2 pHBHEAN BMEND.

KELR2DD K AL NIFITHIENTED
(E2)», BEBANI v I AREHR, AF ¥
Bt 218D #5005 FEH 6 %2 B HEBHRE S
N7/ (N)RWRAOEZSFAA42 L&,
AF rHEEREHE TS EEZ H5NDLH30058
257 B AAFEOEV I VEF T (C) K
BEOMBE AL > TH5, NHELIZFEHE
BEETCBEETRT A, ZOZTEGFR
EEEASICLETH I EEXONE Y,
NHESFFf 0 5 &, NHE1 X8 Re: R
FEUHLW LML ENIIRRATLES A
7 T&Y), pH, MEANagRE ((Nal), #
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BEBOHEE Wz, hiITHaDAF
EEELEFRTLIEBEMBELFED. 261,
NHEL X, RV E L, HEEFREEER
e EDONE Y TR I X o TiEMEILE 2T,
HMEANTLVHIIEB L U Nas LR ICHEST
38

#%ikd 5 L S5z, ZONHEI DEHEILIEL
EETESOCHBARERIBITSL )R Y
T7o5—b R NBENT, FDOAH=X
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2. NHE1 3 FHSUHEERT 3EQE
HEARIE, NHEDLZBSIHEFTdh 5 CHP2 & NHE1 DHBIL B EBR & DESEOR
FHEEETNVTHAE. NIK | Nck#EA ¥ 75—+, ROCKI : RhoF F—+¥I, PIP: .
THART7FINAL S P—NT) VB, PKC . 7074 ¥+ —+¥C, ERK |

s rragifEsF—¥, CaM . ALET2Y ¥,

‘~E$->9"CHP-unique region
FNVEVRE

Ca2+’
PKC,
ERKs

R . B, R-loop : HIEA

N — 7, EL : fifastv—7, IL : MpaAL— 7

e BEE, LT UEMbR EEBLT,
BRARAIC I EA R OM R EME IR T % pH
U —OREEEICLoTRIB EHEZ
LENTWaA, ERITFFZFHELITIEE Vv,
HEEHOENIDLT, AN =) VBHEE
BHE (CHP) I MWEY 7=y P LTRERE
IZFETES A NHEI-S ISEBEEES L Twa s,
I[RIE, CHPIZ I AR L b 3BENOT 1V
T A —LDFEETEIEFHNSENT WS,
CHPlIIH LW 2 I ERBIICREIRT 5D
(ZxF LT, CHP2 ZEMIBE B L O/NBICiER
B ZRIRLY, CHP3ixE & L TLUBICEHE
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TENFDEEIIBES TRV, CHPI-3 X
NEHEE (Gly2) 2 VA A b Eh, 4D
DEFNY FEF— 752 FoCa BB YE
T&dHAb, NHEIZFHEE L7 CHP1 B L UFCHP2
D Ca* LI IIAER IZFH VD T (Ke=1-3nM),
EFNY F, FNEEN Cart ¥ —L LT
BETAHOTIERL, EEMIZCa 2SS
2L L > THEZEEIIFS LNHE
LHECEATADEMIT O BREERAT L
2z 6N5 9, CHP1/2iZ, NHET7 1 v
T A —LDEETOCKWMBPE FX 14
(NHE1 TIi37 3 /BE516-540) ICREETH 2
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EHGR

WL > TUNHEDHEEZRFL, GHEER
B RIEEIRES 7, BI2 X, CHP =& &
TELZVWEEENHEREEBEICEIRET S
LD, FDiEMHiIZ NHE/CHP &2~
TEL BV,

B, BESIZ, CHP2 L O NHELEE
HBEDBEECHEDEREEEL, Y"1 A D
HEET, 27A0BEBETHREL, CHP &
NHEl t OMEERZ2EC A A =X L2 FEF
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