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one of the crucial residues mediating such a
pH-dependent conformational change.
Experimental procedures

Materials

Succinimidyl-6-(biotinamide)hexanoate (NHS-LC-biotin)

and streptavidin-conjugated agarose were purchased from
Pierce Chemicals (Rockford, IL). The amiloride derivative
EIPA was a gift from New Drug Research Laboratories of
Kanebo, Ltd (Osaka, Japan). 2NaCl was purchased from
Dupont NEN (Boston, MA). All other chemicals used were
of the highest purity available.

Cells, culture conditions, and stable expression

An Na*/H" exchanger-deficient cell line (PS120) [21] and
the corresponding transfectants were maintained in DMEM
(Sigma-Aldrich, St Louis, MO) containing 25 mM NaHCO;
and supplemented with 7.5% (v/v) fetal bovine serum, pen-
icillin (50 U'mL™), and streptomycin (50 ygrmL™") at 37 °C
in the presence of 5% CO,. The PS120 cells (5 x 10° cells
per 100 mm dish) were transfected with each plasmid con-
struct (10 ug) by using the calcium phosphate coprecipita-
tion technique. Cell populations that stably expressed
mutant NHEI were selected by the ‘H ¥ -killing’ technique,
as described previously [23].

Construction of NHE mutants

A plasmid carrying cDNA coding for the NHE! human
isoform and containing some unique restriction sites that
was cloned into the pECE mammalian expression vector
was described previously [23]. We used a PCR-based
strategy to construct point-mutant cDNA, as described pre-
viously [22], by using a template plasmid coding for the
" HA-tagged wild-type NHEI [12]. The DNA sequences of
the PCR fragments were confirmed using an Applied Bio-
systems (Tokyo, Japan) Model 3130 autosequencer.

Surface biotinylation and immunoblot analysis

Confluent cells cultured on 60 mm dishes were washed
twice with 5 mL of NaCl/P; containing 0.1 mM CaCl, and
1 mm MgCl, NaCl/P,CM, pH 7.2) and were subsequently
incubated in 1 mL of NaCl/P;CM containing 1 mMm NHS-
LC-biotin for 30 min at room temperature. After the cells
had been washed twice with 5 mL of NaCl/P;CM, they
were solubilized with 1 mL of lysis buffer containing 1%
Triton X-100, 150 mm NaCl, 20 mM Hepes/Tris (pH 7.4),
1 mM ,phenylmethanesulfonyl fluoride, and 1 mM benzami-
dine. After centrifugation for 10 min at 16 000 g (RT15A3
rotor, Hitachi himac CF15D microcentrifuge), the
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supernatant was mixed with streptavidin-agarose beads
(30 gL of resin) and incubated for i h at 4 °C with mild
agitation. After centrifugation as described above, the
unbound and total proteins were separated on a 3-8% gel
by SDS/PAGE and analyzed by immunoblotting with an
antibody against the HA tag, as described previously {23].
The blots were developed using an enhanced chemilumines-
cence detection system (GE Healthcare, Chalfont St Giles,
UK). The protein bands were densitometrically scanned
using IMAGEJ version 1.371 imaging software (NIH,
Bethesda, MD).

Measurement of ’Na* uptake

The 2?Na*-uptake activity and its pH; dependence were
measured by the K*/nigericin pH; clamp method [15].
Cells in 24-well plates were serum-depleted for more than
5 h and preincubated for 30 min at 37 °C in Na™ -free cho-
line chloride/KCl medium containing 20 mmM Hepes/Tris
(pH 74), 1.2-140 mm KCl, 2 mM CaCl;, 1 mm MgCl,
5 mM glucose, and 5 M nigericin. Next, 2Na™ uptake was
initiated by adding the same choline chloride/KCl solution
containing *NaCl (37 kBqmL™!) (final concentration,
1 mM), | mM ouabain, and 100 uM bumetanide. In some
wells, the uptake solution contained 0.1 mM EIPA. Further-
more, in some experiments, the uptake solutions containing
various concentrations of Na*, Li*, or EIPA were
adjusted to various pH values. After I min of Na™ uptake,
the cells were rapidly washed four times with ice-cold
NaCl/P; to terminate the reaction. The pH; was calculated
on the basis of the imposed [K*] gradient by assuming the
equilibrium [K*}/[K*], = H*}/[H"], and an intracellu-
lar [K*] of 120 mM. The data obtained were normalized
with regard to protein concentration, which was measured
using the bicinchoninic assay system (Pierce Chemicals)
with BSA as the standard.

Measurement of pH;

The change in pH; induced by various extracellular agents
was measured by the ['“Clbenzoic acid equilibration
method, as described previously [23].

Statistics

Data regarding the pH dependence of 22Na* uptake were
simulated by fitting the values to the sigmoidal dose—
response equation, i.e. rate -of EIPA-sensitive *Na*
uptake = Vya/(1 + 10" [log(pK — pHy)"]) (pK, pH; consid-
ering half-maximal PNat uptake; n, Hill coefficient), using
a simulation program included in the graphing software
PRISM (v. 4.0c, GraphPad Software Inc., San Diego, CA).
The dependence of the 2Na®* uptake on the extracellular
Na* concentration was fitted to the steady-state kinetic
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equation by using the same simulation program, and
dependencies on extracellular Li*, pH and EIPA were
fitted to the one-site competition equation. The kinetic
parameters were expressed as the best fitted values with
standard errors, and the other data were expressed as the
means * SD for at least three determinations.
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A subset of muscunlar dystrophy is caused by genetic
defects in dystrophin-associated glycoprotein complex.
Using two animal models (BIO14.6 hamsters and mdx
mice), we found that Na*/H" exchanger (NHE) inhibi-
tors prevented muscle degeneration. NHE activity was
constitutively enhanced in BIO miyotubes, as evidenced
by the elevated intracellnlar pH and enhanced **Na*
influx, with activation of putative upstream Kkinases
ERK42/44. NHE inhibitor significantly reduced the in-
creases in baseline intracellular Ca?* as well as Na*
concentration and stretch-induced damage, suggesting
that Na* -dependent Ca** overload via the Na*/Ca®* ex-
changer may cause muscle damage. Furthermore, ATP
was found to be released continuously from BIO myo-
uibes in a2 manner further stimulated by stretching and
that the P2 receptor antagonists reduce the enhanced
NHE activity and dystrophic muscle damage. These ob-
servations suggest that autocrine ATP release may be
primarily involved in genesis of abnormal jonic ho-
meostasis in dystrophic muscles and that Na*-depen-
dent ion exchangers play a critical pathological role in
muscular dystrophy. (4dm J Patbol 2007, 171:1576—-1587:
DOI: 10.2353/afpath.2007.070452)

Muscular dystrophy is a heterogeneous genetic disease
that causes severe skeletal muscle degeneration, charac-
terized by fiber weakness and muscle fibrosis. The genetic
defects associated with muscular dystrophy often include
mutations in one of the components of the dystrophin-giy-
coprotein complex, such as dystrophin or sarcoglycans (a-,
B-, v, and 8-SG)."® The dystrophin-glycoprotein complex
is a muttisubunit complex?#S that spans the sarcolemma to
form a structural iink between the extraceliular matrix and
the actin cytoskeleton.® Disruption of dystrophin-glycopro-
tein complex significantly impairs membrane integrity or
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stability during muscle contractionfrelaxation and prevents
myocyte survival. This enhanced susceptibility to exercise-
induced damage of muscle fibers is observed in dystrophic
animals, such as 8-SG-deficient BIO14.6 hamsters and dys-
trophin-deficient madx mice, genetic homologues of human
fimb-girdle and Duchenne muscular dystrophy, respectively.

Despite identification of many genes responsible for
muscular dystrophy, the pathways through which genetic
defects lead to muscle dysgenesis are still poorly under-
stood. Myocyte degeneration has long been attributed to
membrane defects, such as increased fragility to me-
chanical stress. Enhanced membrane stretching results
in increased permeability to Ca®", and the resultant ab-
normal Ca®* handling has been suggested to be a pre-
requisite for muscle- dysgenesis. A number of studies
have indicated chronic elevation in the cytosolic Ca®*
concentration ([Ca?*]), beneath the sarcolemma, or
within other cell compartments in skeletal muscie fibers
or in cultured myotubes from dystrophin-deficient (Duch-
enne muscular dystrophy) patients and madx mice.”®
Recently, we identified one of the stretch-activated chan-
nels, the growth factor responsive channel (GRC,
TRPV2), which may be involved in the pathogenesis of
myocyte degeneration caused by dystrophin-glycopro-
tein complex disruption.'® More recently, we found that
Ca®*-handling drugs, such as tranilast and diltiazem,
exert protective effects against muscle degeneration in
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both mdx mice and BIO14.6 hamsters,'! suggesting that
Ca®*-permeable channels primarily contribute to abnor-
mal Ca®*-homeostasis in dystrophic animals. in addition
to the Ca2*-entry pathway across the plasma membrane,
it is also plausible that modifications of other ion-transport
proteins contribute to genesis of the abnormal Ca®* ho-
meostasis in muscular dystrophy. We discovered that
plasma membrane Na*/H* exchanger (NHE) inhibitors
are highly protective against muscte damage in dystro-
phic animals. NHE is an important transporter regulating
the intracellular pH (pH;), Na* concentration ([Na*],),
and cell volume, and catalyzing the electroneutral coun-
tertransport of Na* and H™ through the plasma mem-
brane or organelle membranes.*?~'* The housekeeping
isoform, NHE1, is activated rapidly in response to various
extracellular stimuli, such as hormones, growth factors,
and mechanical stressors.'? Enhanced NHE activity
would cause elevation of [Na*], and may produce intra-
cellular Ca2* overload via reduced Ca®* extrusion by the
plasma membrane Na*/Ca®?* exchanger (NCX). Al-
though Ca?* overload caused by Na*-dependent ion
exchangers has been studied extensively in ischemic
hearts, 7 such phenomena have not been reported in
dystrophic skeletal muscles. The protective effects of
NHE inhibitors suggest that in addition to the Ca®*-per-
meable channel(s), Na*-dependent ion exchangers may
be involved in the pathogenesis of muscular dystrophy,
presumably through the sustained increase in [Ca®*),.

Here, we first show that the NHE inhibitors, cariporide
and 5-(N-ethyi-N-isopropyl)-amiloride (EIPA), have pro-
tective effects against muscle degeneration in dystrophic
BIO14.6 hamsters and mdx mice. We also show that the
NHE activity is constitutively enhanced in dystrophic
myotubes and that cariporide significantly reduces both
the elevated [Na*], and [Ca®*),. Furthermore, we show
that P2 receptor stimulation with ATP released by stretch-
ing may be the mechanism underlying the constitutive
activation of NHE. To our knowledge, this is the first report
indicating the pathological importance of Na*-depen-
dent ion exchangers in muscular dystrophy.

Materials and Methods

Materials

Cariporide was a gift from Aventis Pharma Chem. Lid.
(Frankfurt, Germany), and EIPA and KB-R7943(KBR) were
from the New Drug Research Laboratories of Kanebo, Ltd.
(Osaka, Japan). Rabbit polyclonal antibodies against NHE1
and NCX1 were described previously.'®-2° Rabbit poly-
clonal antibody against p44/42 MAP kinase and mouse
monoclonal antibody against phospho-p44/42 MAP ki-
nase (T202/Y204) were purchased from Cell Signaling
(Beverly, MA). Gadolinium chioride (GdCl3) hexahy-
drate, ouabain, apyrase, 6-azaophenyl-2',4'-disulfonic
acid (PPADS), suramin, and monensin were purchased
from Sigma Chemical (St. Louis, MO). Thapsigargin
was from Calbiochem (La Jolla, CA). 22NaCl was pur-
chased from NEN Life Science Products (Boston, MA).
Fura-2/acetoxymethylester (AM) and fluo4-AM were

Muscular Dystrophy and Na*/H* Exchange 1577
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from Dojindo Laboratories (Tokyo, Japan) and Molec-
ular Probes (Eugene, OR), respectively.

Animal Experiments

Our study followed institutional guidelines of National Cardio-
vascular Center for animal experimentation and was per-
formed under the approved protocol. For examination of drug
effects, EIPA and cariporide were administered orally in either
the drinking water at a drug/body weight ratio of 3 mg/kg per
day to 60-day-old BiO14.6 hamsters or 50-day-old mdx
mice or age-matched normal controls as described.®’
Suramin was administered by intraperitoneal injection at 25
mg/kg per day.? After continuous administration for peri-
ods indicated in legends to each figure, animals were sub-
jected to -measurement of creatine phosphokinase (CK)
level in serum, histochemical analysis of muscles, and grip
test. For the grip test for max mice, forelimb grip strength of
mdx mice was assessed by timing how long they could
support their body weight by holding onto a fine wire net.
Each group consisted of more than five mice, all of which
were analyzed twice on 2 different days.

Histochemical Analysis of Muscles

Skeletal muscles were fixed in phosphate-buffered saline
(PBS) containing 10% formalin and embedded in paraf-
fin. Serial 5-um sections were stained with hematoxylin
and eosin (H&E) or Masson's trichrome. The extent of
experienced damage occurring in muscles was deter-
mined by comparing the number of centrally located
nuclei between samples using a light microscopy. Vari-
ability of fiber size was obtained by averaging the stan-
dard deviations from three to four cross-sectional views
of myofibers from three to four animals per group. The
extent of fibrosis (blue-staining area) was measured on
photographs of Masson'’s trichrome-stained sections.

Culture of Myotubes

Myotubes in culture were prepared as described previ-
ously.'®"" In brief, myoblast cells were isolated from the
gastrocnemius muscles of normal or BIO14.6 hamsters
by enzymatic dissociation. Minced muscles (0.3 g) were
incubated for 45 minutes at 37°C in 1 mi of Ham's F-12
medium containing 2 U/ml dispase and 1% collagenase.
Atfter fittration through a fine mesh nylon filter and pre-
plating to remove fibroblasts, cells were plated with
~80% confluence onto collagen |-coated culture dishes
in growth medium consisting of Ham'’s F-12 medium sup-
plemented with 20% fetal calf serum and 2.5 ng/ml basic
fibroblast growth factor {(Promega BRL, Madison, WI) and
1% chick embryo extract (Life Technologies, inc., Grand
Istand, NY). One or 2 days after plating, medium was
changed to Dulbecco's modified Eagle’s medium con-
taining 2% horse serum (Hyclone Laboratories, Logan,
UT) to initiate differentiation. Myoblasts begin to fuse and
form myotubes in culture within 24 hours. We used the
myotubes 2 to 5 days after the switch to differentiation
medium.
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Measurement of 22Na™* Uptake

Normal and BiO14.6 myotubes cultured on collagen I-
coated silicon membranes or in 24-well dishes were in-
cubated at 37°C for 30 minutes in uptake solution con-
taining 50 mmol/L NaCl, 96 mmol/L chaline chloride, 1
mmol/L. MgCl,, 0.1 mmol/t CaCl,, 10 mmol/L glucose,
0.1% bovine serum albumin, 10 mmol/L. HEPES/Tris, pH
7.4, 37 kBa/ml #2NaCl, and 1 mmolfL ouabain. in some
wells, the uptake solution contained 0.1 mmol/L EIPA
or/and 0.25 mmol/L. GaCl,. After 30 minutes, celis were
rapidly washed four times with ice-cold PBS to terminate
22Na* uptake. Cells were lysed in 0.1 N NaOH, and
aliquots were taken for determination of protein and
radioactivity.

Measurement of pH; and [Na™];

Myobilasts from skeletal muscies were seeded onto 25-mm
glass coverslips coated with collagen | (Becton, Dickinson
and Company, Frankiin Lakes, NJ) and differentiated into
myotubes. Myotubes were loaded with 3 umolfL. 2',7'-bis-
(bis-(2-carboxyethy!)-5(6)}-carboxyfiuorescein  acetoxymethyl
ester (BCECF-AM) in balanced salt solution (BSS) (146
mmol/L NaCl, 4 mmol/L KCl, 2 mmol/L MgCl,, 1 mmol/L
CaCl,, 10 mmol/L glucose, 0.1% bovine serum albumin,
and 10 mmol/L HEPES/Tris, pH 7.4) for 10 minutes at room
temperature. The coverslip was mounted on a flow cham-
ber and continuously perfused with solutions at 0.6 ml/
minute with a Perista pump. Changes in intracellular pH
(pH;) were estimated by ratiometric scanning of changes in
BCECF fluorescence. Fluorescence was monitored by al-
ternatively exciting at 440 and 490 nm through a 505-nm
dichroic reflector and 510- to 530-nm band-path emission
filter. Fluorescence images were collected every 10 sec-
onds using a cooled charge-coupled device camera
(ORCA-ER; Hamamatsu Photonics, Hamamatsu, Japan)
mounted onto an inverted microscope (IX 71; Olympus,
Tokyo, Japan) with a X20 objective (UApo/340; Olympus)
and were then processed with AQUACOSMOS software
{Hamamatsu Photonics). The pH, value was calibrated with
high K* solution containing 5 umol/L nigericin adjusted to
various pH values. For measurement of [Na™}, myotubes
were incubated with 10 umol/L sodium-binding benzofuran
isophthalate acetoxymethyl ester (SBFI-AM) and Pluronic
F-127 (0.05% w/v) in BSS for 120 minutes at room temper-
ature. After washout, SBFI-AM was de-esterified for 20 min-
utes. SBF fluorescence was monitored by altematively ex-
citing at 340 and 380 nm at 1 Hz through a 505-nm dichroic
reflector and 510- to 530-nm band-path emission filter. in
some experiments we used BSS buffered with 10 mmol/L
NaHCO; (pH 7.4), saturated with 5% CO, and 95% O, gas.
Fluorescence images were collected as described above
for pH, measurement. The fiuorescence ratio at 340:380
was calculated with AQUACOSMOS software and [Na*];
was calibrated at the end of each experiment in solutions
containing 0, 10, or 20 mmol/L extracellular NaCl in the
presence of 10 umol/L gramicidin, 1 mmol/L ouabain; and 2
wmol/LL monensin.

Measurement of [Ca®*],

For Ca2* imaging, cells were plated on glass and cuttured
and loaded with fluo-4 by incubation for 30 minutes at 37°C
in 4 umol/L. acetoxymethy! ester (Molecular Probes) in BSS
as described previously.'® In brief, fluorescence signals in
cells were detected by confocal laser-scanning microscopy
using a MRC-1024ES system (Bio-Rad, Richmond, CA)
mounted on an Olympus BX50WI microscope with a x60
water immersion lens. The frequency of image acquisition
was selected as one image per <1 second. Analysis of
single-frame or single-cell integrated signal density was
performed with LaserSharp software (Bio-Rad, Hertford-
shire, UK). The Ca®* ievel was represented as AFfFo,
where Fo is the resting fluo-4 fluorescence and AF is the
difference between peak steady-state fluorescence within 1
to 2 minutes after stimulation and resting fluorescence. In
some experiments, we also loaded cells with 4 umol/L
fura-2 acetoxymethyl ester as described above and mea-
sured [Ca®"]; by a ratiometric fluorescence method using a
fluorescence image processor (Aquacosmos; Hamamatsu
Photonics). The excitation wavelength was alternated at 340
and 380 (1 Hz), and we measured the fluorescence light
emitted at 510 nm. The fluorescence ratio at 340:380 was

calculated. '

Application of Cell-Stretch to Myotubes in a
Silicone Chamber

Mechanical stretching was apptied to myotubes using a
silicon chamber as described previousiy.'® After cells
were allowed to attach to the chamber botiom, uniaxial
sinusoidal stretching was applied to the chamber at a
constant strength from 5 to 20% elongation at 1 Hz for
indicated periods. The relative elongation of the silicone
membrane was uniform across the whole membrane
area.

CK Activity and ATP Assay

After stretching of myotubes, CK activity in the medium
was determined using an in vitro colorimetric assay kit
(CK test kit; Wako Pure Chem. Co., Osaka, Japan) ac-
cording to the protocol provided by the manutacturer. For
ATP measurement, myotubes were washed twice with 0.5
ml of BSS 1 hour before stretching. BSS (0.5 ml) was
added to the chamber, and uniaxial sinusoidal stretching
was applied as above. Aliquots (100 ul) of the BSS so-
lution were taken at selected times to measure the ATP
level. The concentration of ATP released from the myo-
tubes was measured using the luciferin-luciferase reac- -
tion (ENLITEN; Promega).

Other Procedures

Quantitative immunoblotting analysis and immunocyto-
chemistry were performed as described previously,1011:23.24
Protein concentration was measured using a bicincho-
ninic acid assay system (Pierce Chemical Co., Rockford,
IL) with bovine serum albumin as a standard. Unless
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otherwise stated, experiments were performed at 25 =
1°C and data are represented as means * SD of at least
three determinations. We used unpaired t-test, one-way
analysis of variance followed by Dunnett’s test, or two-
way analysis of variance for statistical analyses. Values of
P < 0.05 were considered statistically significant.

Results

NHE Inhibitors Prevent Skeletal Muscle
Dysfunction and Cell Damage in Dystrophic
Hamsters and Mice

Oral EIPA protected against muscle degeneration, as
shown in sections stained with H&E (Figure 1A). We
measured the number of fibers with central nuclei, which
was often used as an index for regeneration to compen-
sate for the fiber breakdown. The number of centrally
localized nuclei was markedly reduced by treatment with
EIPA (Figure 1Ba) or cariporide (see Figure 8, B and C).
Among several other abnormal morphological features,
dystrophic muscle fibers are known to display greater
variations in their cross-sectional area because muscles
contain fibers with different sizes, such as necrotic, split-
ting, and regenerating fibers. EIPA markedly reduced this
fiber size variability as determined by the SD of the cross-
sectional areas of myofibers (Figure 1Bb). In addition,
NHE inhibitor considerably reduced the area of fibrosis
stained with Masson’s trichrome (see Figure 8Cb). These
results suggest that NHE inhibitor prevented muscie de-
generation and blocked the resultant regeneration as
evidenced by the reduced centrally located nuclei. Fur-
thermore, EIPA markedly reduced CK level in the serum
of BIO14.6 hamsters, which is also a marker for muscle
degeneration (Figure 1C). in madx mice, the extent of
muscie degeneration reaches the first peak in ~21 to 28
days and then declines because of regeneration and
reaches the second peak in ~72 days, when muscle
degeneration was checked by serum CK level. Therefore,
we started the treatment with cariporide in 50-day-old
mice to see whether muscle damage during the second
period is reduced. As shown in Figure 1D, treatment with
cariporide for 22 days (Figure 1Db) markedly prevented
muscle damage. Cariporide reduced inflammatory infil-
trate (Figure 1D), fibrosis (data not shown, but see Figure
8), and the number of myofibers with central nuclei par-
ticularly in mice treated for 60 days (Figure 1E). In control
madx mice, serum CK levels reached a peak in 72 days of
age (22 days after start of experiment) and remained at
relatively high level until 145 days of age (95 days after
start of experiment, Figure 1F). Treatment with cariporide
considerably reduced serum CK level in all investigated
ages in.mdx mice (Figure 1F). Together, these results
suggest that the degenerative and accompanying regen-
erative episodes become rare on treatment with NHE
inhibitor. Furthermore, we also evaluated the muscie per-
formance of mice by timing how long they could support
their body weight holding onto a fine wire net. Cariporide
significantly improved the results of this grip test in madx
mice (Figure 1G). These observations collectively sug-
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Figure 1. NHE inhibitors protect against muscle degeneration in dystrophic
muscle. A: Histological staining of skeletal muscles. Gastrocnemius muscles
were taken from normal (a and ¢) or BIO14.6 (b and d) hamsters adminis-
tered with EIPA (c and d) or no EIPA (a and b) for 14 days and sections were
stained with hematoxylin (red) and eosin (blue). EIPA was administered
orally to 60-day-old BIO14.6 hamsters up to 74 days. B: Quantitation of fibers
containing central nuclei in the gastrocnemius muscles of normal and
BIO14.6 hamsters administered with EIPA or no EIPA (con). Centrally located
nuclei (@) and variability in fiber size (b) were measured as described in
Materials and Methods. Data are means * SD (1 = 3 to 4). *P < 0.05 versus
BIO14.6/control. C: Effect of EIPA on CK level in serum from BIO14.6
hamsters. Data are means * SD (n = 5). *P < 0.05. In normal hamsters, the
serum CK level was less than 0.3 U/ml. D: H&E staining of muscie sections
from mdx mice administered with cariporide (b) for 22 days and age-
matched (72-day-old) control mdx mice (a). E: Quantitation of fibers con-
taining central nuclei in the muscle sections from mdx mice administered
with cariporide (car) or no drug (con) for 22 or 60 days. F: Effect of cariporide
on serum CK level in normal and mdx mice. Drug administration was started
in 50-day-old mice (treatment, 0 day) and continued up to 145 days (treat-
ment, 95 days). Data are means * SD (n = 5), *P < 0.05. G: Effect of
cariporide on muscle performance measured with grip test. Cariporide-
treated (car) for 22 days or control mice (con) gripped a wire mesh with their
forefeet and the time until they let go was measured. Data are means + SD
(n = %) *P < 0.05. It is not statistically significant between normal and
mdx/cariporide. Scale bars = 100 pm.

nomal  mdx

gest that inhibition of NHE activity confers a significant
protective effect against skeletal muscle dysfunction in
dystrophic animals.

Enhanced Na™/H™ Exchange and Extracellular
Signal-Regulated Kinases Activities in Myotubes
from Dystrophic Hamsters

Our in vivo data prompted us to study the mechanism of
the involvement of NHE in skeletal muscle dysgenesis.
Immunobiotting analysis revealed that skeletal muscles
expressed NHE1, and its expression level was not very
different between skeletal muscles from normal and
BIO14.6 hamsters (Figure 2A), the normalized relative
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Figure 2. NHEI1 expression and intracellular pH in normal and BIO14.6
myotubes. A: Immunoblotting analysis of NHE1 in normal and BIO14.6
hamster skeletal muscles and their cultured myotubes. Skeletal muscle (40 pg
each) and myotube (10 pg each) homogenates were subjected to SDS-PAGE
followed by immunoblotting analysis using the indicated antibodies. B and
C: Typical traces of change in BCECF fluorescence intensity indicated as the
ratio of excitation wavelength 490:440 in a single myotube from normal or
BIO14.6 hamsters. Cells were acidified by NH,* prepulse and then pH,
recovery was started by switching to Na* <ontaining solution. To calibrate
pH,, cells were perfused with high K* solution containing 5 pmol/L nigericin
adjusted to various pH values. D: Summarized data for resting level of pH,.
Data are means * 8D (# = 10 to 12). *P < 0.05.

amount of NHE1 in BIO14.6 was 0.92 = 0.07 (n = 3)
versus normal muscles. NHE1 is distributed mainly in the
sarcolemma of the skeletal muscles from normal and
dystrophic hamsters (Supplemental Figure 1; see htip.//
ajp.amjpathol.org). Moreover, we did not detect a large
difference in the expression level (Figure 2A; 0.95 * 0.08
versus normal myotubes, n = 3) of NHE1 between cul-
tured myotubes from normal and BIO14.6 hamsters. We
next measured the NHE activity after NH,* prepulse by
ratiometric fluorescence measurement with BCECF. In
normal myotubes after NH,™ prepulse, the addition of
external Na™ induced rapid pH; recovery, reaching only
pH, ~7.0 (Figure 2B). This pH; recovery was attributabie
to the NHE activity because it was blocked completely by
cariporide (Figure 3A). Because half-maximal inhibition
occurred at relatively low cariporide concentration (<1
wmolfL), the NHE1 isoform was thought to be mainly
involved in pH; recovery. in contrast, in BIO14.6 myo-
tubes pH; recovered toward the higher pH, range (>7.2)
(Figure 2C). Myotubes from BIO14.6 hamsters exhibited
significantly higher resting pH; compared with normal
animals (Figure 2D). Interestingly, although the PKC ac-
tivator PMA markedly accelerated the pH; recovery in
normal myotubes, PMA accelerated only the initial pH;
recovery phase in BIO14.6 myotubes (Figure 3A). Figure
3B shows the pH; dependence of pH; recovery rate mea-
sured in myotubes. The pH; dependence was shifted to
the alkaline side in BIO14.6 as compared with normal
myotubes. in normal myotubes, PMA greatly shifted the
pH, dependence to the alkaline side. In contrast in
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Figure 3. High Na*/H* exchange activity in BIO14.6 myotubes. A: Time
courses of Na*-induced pH; recovery in normal and BIO14.6 myorubes.
Myotubes were subjected 1o NH,* prepulse, and then pH, recovery was
induced by exposing myotubes to Na*-conuining solution. In some exper-
iments, myotubes were exposed to 1 umol/L PMA or 10 pmol/L cariporide
throughout the NH,* prepulse and pHj recovery phases. B: The pH, depen-
dence of the pH; recovery rates. The pH, recovery rate was calculated from
the increment in pH,; every 10 seconds and plotted against pH;. Data are
means * SD of five independent experiments.

BIG14.6 myotubes, PMA did not induce a large alkaline
shift of pH; dependence although it elevated the recovery
rate at each pH,. These observations may reflect the high
levels of activated NHE in BIO14.6 myotubes, inducing
an alkaline shift of pH; dependence resulting in a mar-
ginal effect of PMA.

The above findings suggest that some signaling path-
ways are constitutively activated and lead to the en-
hanced NHE activity in dystrophic myotubes. We exam-
ined the activity of extracellular signal-regulated kinases
(ERKs) (ERK42/44) because ERKs were previously dem-
onstrated to mediate the NHE activation in response to
hormones or growth signals.®>~2% As shown in Figure 4,
both PMA and mechanical stretch increased the level of
phosphoryiation of ERKs in normal myotubes (approxi-
mately three to four times). In contrast, phosphorylation of
ERKs was high in BtO14.6 myotubes, even in the ab-
sence of extrinsic stimuli, and PMA and stretch did not
further increase ERKs phosphorylation (Figure 4, A and
B). These results suggest that ERKs are already activated
in BIO14.6 myotubes.

Involvement of NHE in [Na™ ], and [Ca®™];
Abnormalities in Dystrophic Myotubes

We next measured EIPA-inhibitable 22Na™* uptake into
myotubes, another index for the NHE activity. In normal
myotubes, EIPA inhibited 22Na* uptake by more than
60%, whereas gadolinium ions (Gd3*), which inhibit cat-
ion channels, inhibited it by only ~25%, indicating that
NHE is one of the major Na* influx pathways in skeletal
myotubes (Figure 5A). The EIPA-sensitive 2°Na™ uptake
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Figure 4. ERK42/44 is constitutively phosphorylated in BIO14.6 myotubes.
A: Immunoblotting analysis of total and phosphorylated ERK42/44 in normal
and BIO14.6 myotubes. Serum-starved (16 hours) myotubes were treated for
30 minutes with 1 umol/L PMA or subjected to 20% elongation for 5 minutes
(stretch). Myotubes were homogenized and then subjected to SDS-PAGE (10
ug each) followed by immunoblotting analysis with anti-phospho-ERK42/44
or anti-ERK42/44. B: The apparent amount of phosphorylated ERK42/44 was
normalized relative to that of total ERK. Data are means * SD of three
independent experiments. *P < 0.05 versus control, and **P < 0.05 versus
untreated control normal myotubes.

normal

was higher (~1.5-fold) in BIO14.6 compared with normal
myotubes (Figure 5B), consistent with the data for pH,
recovery. We measured the resting level of [Na*]; in
myotubes by means of ratiometric imaging technique
with SBFI fluorescence in the absence or presence of
bicarbonate. Consistent with the elevated #2Na* uptake
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Figure 5. **Na* uptake activity and intracellular Na* concentration. A:
22Na* uptake by myotubes was measured for 30 minutes as described in
Materials and Methods. As indicated, 0.1 mmol/L EXPA or 0.25 mmol/L GdCl;
was included in the 2Na* uptake solution. Data are means * SD of triplicate
determinations. *P < 0.05 versus normal myotubes. B: EIPA-sensitive 2Na*
uptake. *P < 0.05. C: The resting level of [Na ), was measured using the SBFI
fluorescence in the absence or presence of bicarbonate. For the latter exper-
iment, BSS conuined 10 mmol/L NaHCO, (pH 7.4) and bubbled for 30
minutes with 5% CO, and 95% O, immediately before the experiment.
Means * SD (11 = 3). *P < 0.05. D: Effect of cariporide on [Na*};,. At the time
points indicated, myotubes were exposed to 10 pmol/L cariporide.
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activity, BIO14.6 myotubes had significantly elevated
resting [Na*]; in the presence or absence of bicarbonate,
when compared with wild-type myotubes, with the high-
est [Na*), in the presence of bicarbonate (Figure 5C).
Treatment with cariporide caused a gradual reduction in
[Na*}, down to the control level (Figure 5D). These ob-
servations suggest that in addition to the resting pH, the
enhanced Na*/H* exchange activity causes elevation in
{Na*]; in BIO14.6 myotubes.

Elevated [Na*}; may cause intraceliular Ca®* overload
by altering the activity of sarcolemmal NCX. Therefore,

@
g 3 g s
8o S BIO14.6 control
82, £3
5§35 *| Bio14s £8 2
8 28
g 1 normat 10 1 cariporid d
3 - -]
= 1 min (=]
o4 2mM CaCl, 76 042 mM CaCl,
c D 1 min
1.24 11 2 20 BIO14.6
2z '
1.04 2 s 20 mM Na*
2 1
o 0.8+ 5 s
3 o .
: 0.6 (3 ® 2010 ++++- 70 mM Na
0.4 S g—u 140 mM Na*
0.2 a t 20mMNa
] + KBR
0 t38 5 00
T\éi E £ ; § 3 * 2.5 min
¢ SR o0 92
e € 'E m mT F
E : ]
S 20 N
£ 20 normal | & —é—noma
B g 15 -O-BI014.6
8 s £S5 4 normal + KBR
H § 88 4 B1014.6 + KBR
g8, ommNa | 210
eg - e
F & 05
& o5 20 mM Na* | o
o 140mMNa*, ©
a 3 0.07 Y M
5 oo U 0 20 40 60 80 100 120 140
- 2.5 min Na],

Figure 6. Effect of cariporide on intracellular Ca®* increment and abnormal
NCX function in BIO14.6 myotubes. A: Typical trace of changes in fluo-4
fluorescence intensity observed by confocal microscopy in normal or
BIO14.6 myotubes loaded with fluo~4. The addition of 2 mmol/L CaCl, (final
2.5 mmol/L) to BSS containing 0.5 mmol/L CaCl, induced a marked increase
in fluo-4 fluorescence in BIO14.6 myotubes. As indicated, exposure to 10
umol/L thapsigargin (TG) induced a large increase in fluo-4 fluorescence in
both myotubes. B: Effects of cariporide on external Ca®*-induced change in
fluo-4 fluorescence in BIO14.6 myotubes. Myotubes were pretreated with 10
pmol/L cariporide. C: Extracellular Ca?*-induced maximal increments of
fluorescence in myotubes pretreated with or without cariporide (AF/F, is the
ratio between the fluorescence increment and the fluorescence before Ca®*

" addition). Data are means * SD (trial numbers are shown in parentheses).

*P < 0.05 (versus control for drug effect). D and E: Effect of external Na*
concentration on (Ca?*),. Extracellular Ca®>*-induced rise in fluorescence
ratio (340/380) was monitored by the Fura-2 fluorescence in BIO14.6 and
normal myotubes, respectively. BIO14.6 myotubes were placed in BSS con-
taining 0.5 mmol/L CaCl, and then Ca®>* mobilization was triggered by
perfusing with a solution containing 2 mmol/L CaCl, and different concen-
trations of NaCl. When NaCl concentration was reduced, NaCl was replaced
with choline chioride (total concentration, 140 mmol/L). In one experiment,
10 pmol/L KBR was included in the solution. F: Extraceliular Na* concen-
tration dependence of Ca**-induced increase in fluorescence ratio (340/
380). Myotubes were loaded with Fura-2, perfused with BSS containing 0.5
mmol/L CaCl,, and then Ca?* mobilization was triggered with BSS contain-
ing 2 mmol/L CaCl, and different concentrations of NaCl (see D and E). Peak
amplitude of the relative fluorescence ratio (340/380) was plotted against
external Na* concentration. In some expertiments, 10 umol/L KBR was
included in BSS. Data are means * SD (n = 3).
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we tested the effects of cariporide on [Ca?*],. Figure 6A
shows typical traces of extraceliular Ca2*-induced Ca2*
mobilization measured by fluo-4 flucrescence. The addi-
tion of 2 mmol/L CaCl, triggered a marked increase in
[Ca®*]; in BIO14.6 myotubes but very little change in
normal myotubes, as described previously.’®'" Pretreat-
ment of BIO14.6 myotubes with 10 umol/L cariporide for
30 minutes inhibited the Ca®*-induced rise in [Ca®*};
almost completely (Figure 6, B and C, for summary data).
These results suggest that the Na*/H* exchange activity
contributes greatly to the increase in [Ca2*]; observed in
BiO14.6 myotubes. To test the possible involvement of
NCX, we examined the effect of reduced Na* concen-
tration on the Ca®*-induced [Ca®*}; rise. Exposure of
myotubes to solutions with low Na™ concentrations (20 or
70 mmol/L) induced larger [Ca2*], increases than normali
Na™ solution (140 mmol/L NaCl). (Figure 6D). in contrast,
exposure of normal myotubes to 20 mmol/L. Na* had only
a 'marginal effect on [Ca®*], whereas exposure to the
nominally Na*-free solution resulted in a large [Ca2*],
increase (Figure 6E). The peak [Ca®*], amplitude was
plotted against external Na™ concentration (Figure 6F).
The [Ca®*}; amplitude was highly Na*-sensitive particu-
farly in BIO14.6 myotubes. Decrease in the Na* concen-
tration leads to the reduced transmembrane Na* gradi-
ent, which in turn causes increased Ca®* influx via the
reverse reaction of NCX. In fact, [Ca®*], rise in the low
Na™* solution was mostly inhibited by the NCX inhibitor
KBR (Figure 6, D and F), which was reported to inhibit the
reverse mode of NCX.?® These findings suggest that the
NCX contributes to increased [Ca®*]; in BIO14.6 myo-
tubes, which is at least partly caused by enhanced
[Na™].

Furthermore, we aiso examined the effects of NHE
inhibitors on stretch-induced release of CK, which is a
marker of muscle damage. The application of cyclic
stretching up to 20% elongation for 1 hour induced CK
release from BIO14.6 myotubes (Supplemental Figure 2,
control; see htip://ajp.amjpathol.org). Treatment of myo-
tubes with 10 umol/L EIPA or 0.1 to 10 umol/L cariporide
30 minutes before the stretch significantly reduced the
CK release (~30 to 40%) (Supplemental Figure 2; see
http.//ajp.amjpathol.org, see also Figure 7F), suggesting
that NHE inhibitors are capable of reducing the stretch-
induced muscle damage. Thus, increased susceptibility
of BIO14.6 myotubes to mechanical stretching may result
from the [Ca®*]; rise, which would be at least partly
caused by the [Na™], increase via enhanced NHE
activity. :

Enhanced ATP Release in Myotubes from
Dystrophic Hamsters and Protective Effects of
P2 Receptor Antagonists against Muscle
Damage

Activation of NHE and ERK as we mentioned above
would be caused directly or indirectiy by increased me-

chanical stress in dystrophic muscles. One possible
mechanism is that hormonal factors released by stretch-
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Figure 7. Enhanced ATP release from BIO14.6 myotubes and effect of ATP
on normal and BIO14.6 myotubes. A: ATP release from elongated myotubes.
Normal and BIO14.6 myotubes were subjected to cyclic 10% elongation for
indicated periods in BSS. An aliquot of the supematant was taken, and ATP
concentraion was measured with a luciferase-based luminescence kit as
described in Materials and Methods. Data are means * SD (n = 3). B: Effects
of stretch strength (0 to 20%) on ATP release. Medium ATP contents 5
minutes after strerching are indicated. C: Effects of ATP on Na™*-induced pH;
recovery. Myotubes were subjected to NH,* prepulse followed by Na*-
induced pH,; recovery. As indicated, myotubes were continuously exposed to
300 umol/L ATP throughout the experiment during NH,* prepulse and pH;
recovery phases. D: Summary data for maximal pH; recovery rates. Data are
means * SD of three determinations. E: Effects of some pharmacological

. agents on the resting level of pH;. BIO14.6 myotubes were incubated for 1

hour in BSS with and without indicated each drug and pH; was measured.
Apyrase, 0.4 U/ml; PPADS, 50 pmol/L; suramin, 100 umol/L. Data are
means * SD (n = 4). F: Effects of various pharmacological agents on CK
release from BIO14.6 myotubes. Myotubes were subjected to cyclic 20%
elongation for 1 hour. Myotubes were preincubated with each drug for 10
minutes before stretching. Data are means * SD (n = 3). *P < 0.05 (versus
control). Cariporide, 10 pmol/L; KBR, 10 pmol/L; PPADS, 50 umol/L;
suramin, 100 pmol/L; and apyrase, 0.4 U/ml.

ing may stimulate their specific receptors, which in turn
results in activation of downstream targets. We focused
on ATP release because the expression pattern of puri-
nergic receptors was recently reported to be greatly
changed during muscular dysgenesis.®*3' We mea-
sured the level of ATP released from myotubes into the
medium by the luciferin-luciferase assay system before
and after mechanical stretching. Stretching induced sig-
nificant ATP release in both normal and BiO14.6 myo-
tubes (Figure 7, A and B). interestingly, stretch-induced
ATP release was significantly higher in BiO14.6 myo-
tubes compared with those from normal controls, and the
ATP level was already high in the medium of culiured
BIO14.6 myotubes before the stretch (Figure 7, A and B).
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Moreover, ATP was found to accelerate the pH; recovery
rate and increased the resting level of pH; in normal
myotubes but not in those from BIO14.6 (Figure 7, C and
D). To test whether the NHE activation in BIO14.6 myo-
tubes is mediated by the release of ATP, we examined
effects of several pharmacological agents on the resting
level of pH, Preincubation of BIO myotubes with ATP-
hydrolyzing enzyme apyrase, P2X receptor antagonist
pyridoxal-5'-phosphate-6-azo-phenyl-2, 4-disulfonate (PPADS)
or general P2 receptor antagonist suramin, reduced
the elevated resting pH; in BIO myotubes, suggesting
that ATP is an important extracellular driver of consti-
tutive activation of NHE1. As expected, these pharma-
cological agents significantly reduced the stretch-in-

duced CK efflux from BIO14.6 myotubes as effectively

as did cariporide. Simultaneous incubation of myo-
tubes with suramin and cariporide exerted the most
effective protection (Figure 7F).

Finally, we examined whether the putative P2 receptor
antagonist, suramin, improves muscular dysgenesis in
dystrophic animals in vivo. Intraperitoneal injection of

suramin significantly reduced the serum CK level to a

similar extent as oral intake of cariporide (Figure 8A) and
muscle damage as evidenced by Masson's trichrome
staining (Figure 8B) in BIO14.6 hamsters. Furthermore,
simultaneous administration of cariporide and suramin
reduced the CK level and fibrosis more extensively as
well as other abnormal dystrophic features such as the
number of fibers with central nuclei or fiber size variability
(Figure 8, A-C). A similar protective effect of suramin was
also observed in mdx mice, as evidenced by significant
reduction of serum CK level (Figure 8D) and improve-
ment of muscle performance measured by the grip test
(Figure 8E), suggesting that suramin has a protective
effect against muscle dysgenesis in these animals.

Discussion

In the present study, we demonstrated that NHE inhibi-
tors, cariporide and EIPA, have protective effects against
muscle degeneration in dystrophic animais: BIO14.6
hamsters and mdx mice. NHE inhibitors significantly re-
duced the serum CK level, reduced the muscle damage,
and improved the muscle performance measured by grip
test. Furthermore, an in vitro study using cultured myo-
tubes revealed that the NHE activity is constantly en-
hanced in myotubes from BIO14.6 hamsters, which
would in turn contribute to the abnormal cytoplasmic
Ca2* handiing, in part through inhibition of the Ca®*
extrusion by NCX or activation of the Ca®* influx by
reverse mode of NCX. Finally, we presented evidence
that stimulation of P2 receptor with ATP released by
stretching is a possible mechanism leading to activation
of NHE. The results of the present study represent strong
evidence that Na™-dependent ion exchangers exert an
important pathological impact on skeletal muscle degen-
eration caused primarily by genetic defects in cytoskel-
" etal proteins. in Figure 9, we summarize a possible path-
way leading to muscle degeneration, particularly based
on the data from BIO14.6 hamsters. Although genetic
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Figure 8. Protective effect of suramin against muscle degeneration. A: Effect
of suramin and/or cariporide on CK level in serum from BIO14.6 hamsters.
Suramin (sur) and/or cariporide (car) were administered by intraperitoneal
injection or by oral intake into 60-day-old BIO14.6 hamsters, respectively,
and 14 days after drug administration (74-day-old hamsters), serum CK level
was measured. Data are means = SD (12 = 4 10 5). *P < 0.03, whereas P <
0.05 versus either cariporide or suramin alone. B: Masson’s trichrome staining
of the quadriceps muscle sections from BIO14.6 hamsters. C: Quantitation of
fibers containing central nuclei in muscles of BIO14.6 hamsters. Centrally
located nuclei (@), fibrosis area (blue region) (b), and variability (c) were
measured as described in Materials and Methods. Data are means * SD (n =
3 to 4). *P < 0.05. D: Effect of suramin on serum CK level in mdx mice.
Suramin or PBS (for control) was injected into 14-day-old mdx mice and
serum CK level was measured 7 or 14 days after the start of drug injection. E:
Effect of suramin on muscle performance measured by the grip test. Data are
means = SD (n = 310 5). *'P < 0.05 versus mdx/control or normal/control,
respectively. Scale bar = 100 um.

background is different, we consider that a similar mech-
anism may be involved in the pathogenesis of BIO14.6
hamsters and mdx mice.

Until now, little attention has been paid to involvement
of NHE in pathogenesis of muscular dystrophy. In this
study, based on several criteria we found that NHE is
constitutively activated in dystrophic BIO14.6 myotubes.
The activity of NHE is known to be controlled by various
extrinsic factors, including growth factors, hormones, and
mechanical stimuli.’2 3 Aithough molecular mechanism
of NHE activation is not well established, a large body of
evidence suggested that both phosphorylation-depen-
dent and -independent pathways are involved in the full
activation of NHE1.'2 Hormones or growth factors bind to
their specific receptors, which in turn stimulate the cell
signaling pathways including PKC, G proteins, and vari-
ous kinases, resulting in the activation of NHE. indeed,
the PKC activator PMA activated the pH; recovery rate via
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Figure 9. A possible pathway leading to muscie dysgenesis in BIO14.6
dystrophic hamsters suggested in this and previous studies.!® A similar
mechanism may underlie the pathogenesis of mdx mice.

a marked alkaline shift in the pH; dependence in normal
myotubes; however, in BIO14.6 myotubes the pH; recov-
ery rate was alkaline shifted even in the absence of PMA,
suggesting that NHE is constitutively activated without
externally added stimuli. This is compatible with the pre-
vious observation with 3'P-NMR that the resting muscle
pH in mdx mice is more alkaline than that in normal
muscle.32 Previous studies reported that activation of
ERK1/2 is a critical step in receptor-mediated stimulation
of the exchanger in several ceils. 2528 in fact, this putative
upstream kinase is phosphorylated in the resting state of
BIO14.6 myotubes and is not further stimulated in re-
sponse to PMA and stretch. This is compatible with re-
cent studies to report that the phosphorylation of ERK1/2
is enhanced in dystrophic muscie fibers of mdx mice 334

Activation of NHE would result in accumulation of in-
tracellular Na* as well as an increase in the resting pH,,
which would be pathologically important as a possible
cause leading to muscle dysfunction. [Na*]; is controlled
by a balance between Na™*-extrusion via the Na* pump
and Na™ influx via multiple Na™* -coupled transporters and
cation channels. Based on 22Na* fiux experiments, we
demonstrated that a major fraction (>60%) of Na™ influx
would be attributable to EIPA-sensitive Na*/H* ex-

changer rather than Gd®*-sensitive cation channels in

myotubes from hamster skeletal muscles and #*Na™* up-
take via NHE is significantly higher in BIO14.6 myotubes.
An increase in [Na*], has been reported previously in
dystrophin-deficient mdx mice and eccentric stimulated
muscle fibers.®*% in these previous studies, the [Na*];
rise was suggested 10 be caused by either the reduced
Na* pump activity®>3® or the Gd®*-inhibitable stretch-
activated channe!.®” However, in contrast to these stud-
ies, our results suggest that NHE is the most likely can-
didate for the elevated [Na™], at least in BlIO14.6
myotubes, although we cannot exclude the possibility of
other Na*-dependent pathways.

These observations raise the question of how the NHE
inhibitors protect against muscle damage in dystrophic
animals. Dystrophic damage has been thought to be

attributable to the increase in [Ca®*]. Elevated [Ca®*],
would activate the Ca®*-dependent protease calpain,
which degrades various cellular proteins.®® We demon-
strated that BiO14.6 myotubes show abnormal cytosolic
Ca®* handling, as evidenced by the high resting [Ca®*],
and frequently occurring Ca®* oscillation.’®'! These
events have been atiributed to the activation of stretch-
activated nonspecific cation channels.®%-2° importantly,
preincubation with cariporide effectively reduced [Ca®*]
and the level of CK reieased from BIQ14.6 myotubes,
suggesting that NHE, which is probabily increased [Na*};
via activated NHE, is involved in the genesis of abnormal
Ca®* homoeostasis. Furthermore, treatment with drugs
that increase [Na*],, monensin, significantly enhanced
the stretch-induced CK reiease even in the normal myo-
tubes (Supplemental Figure 2; see htip//ajp.amjpathol.org),
suggesting the pathological importance of intracellular
Na*. The increased [Na*], via NHE in muscles could
lead to elevated [Ca®*), via either reduced Ca?®* ex-
trusion or increased Ca®* infiux on NCX. Previous
studies indicated that the NCX activity exists in skeletal
muscle membranes“® and contributes considerably to
the regulation of [Ca?*}; in muscle fibers.*' By immu-
noblotting analysis, we also detected the existence of
NCX1, amounts of which were simiiar in normal and
BiO14.6 muscles (Supplemental Figure 1; see http://
ajp.amjpathol.org). Exposure to the Na*-reduced solu-
tion but containing millimolar concentrations of CaCl,
induces a rapid increase in [Ca?*)], and exerts severe
damage on myotubes even in the absence of stretch,
as evidenced by a massive increase in CK release
(data not shown). The high Na* sensitivity of [Ca®"];
and CK release imply the pathological importance of
NCX in dystrophic damage. Given the resting mem-
brane potential ~—90 mV in skeletal muscle celis??
and the reversal potential of NCX ~—50 mV,*3 NCX is
supposed to operate at the forward mode (Ca2* extru-
sion) in normal and BIO14.6 myotubes. Therefore, in-
crease in [Na*], would cause the elevation in [CaZ*],
via reduced Ca®* extrusion by NCX in the presence of
normal external Na* concentration. However, long-
chain fatty acyl CoA esters (acyl CoAs) were recently
identified as endogenous regulatory factors that acti-
vate the reverse mode of NCX1,%* suggesting that the
reverse mode of NCX1 may be enhanced when the
amount of acyl CoAs are elevated under pathological
conditions. Acyl CoAs were reported to increase in
muscles from patients with Duchenne dystrophy.*®
Thus, we do not exclude the possibility that increase in
[Na*], might cause the elevation in [Ca®*], via en-
hanced Ca®* influx by NCX in BIO14.6 myotubes.

It is an intriguing question which signaling pathway
leads to activation of NHE. NHE is known to be activated
in response to mechanical stressors, such as stretching,
hyperosmoatic, or shear stress.'24847 |t is possible that
the NHE activity would increase as a result of autocrine/
paracrine action of some hormones induced by stretch-
ing. In this study, we presented evidence that P2 receptor
stimulation may be a likely mechanism leading to activa-
tion of NHE followed by muscle degeneration. We found
that higher levels of ATP are released from BIO14.6 myo-
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tubes in a stretch-dependent manner, which in turn would
activate P2X or P2Y receptors via an autocrine mecha-
nism. in both skeletal muscles and cultured myotubes,
P2X2, P2X4, P2X7, and P2Y1 receptors were found to be
expressed among P2X1, P2X2, P2X4, P2X7, P2Y1, and
P2Y2 purinergic receptors tested by us by means of
RT-PCR and immunobiot analysis, and these receptors
are functional because ATP (and its analogues}-induced
Ca®* mobilization was observed and biocked by P2 an-
tagonists in both myotubes (Y. lwata, unpublished obser-
vations). ATP is considered one of the important nucleo-
tides mediating its effect by activation of P2X and P2Y,
which belong to the transmitter-gated cation channels
and G protein-coupled receptors, respectively.*® Recent
studies demonstrated that ATP can regulate myoblast
proliferation, differentiation, and regeneration in vitro®®
and that muscle cells of mdx mice show increased sus-
ceptibility to ATP.3' Our data, together with these find-
ings, suggest that ATP is one of the important mediators
in the pathogenesis of dystrophic muscles. Although our
data suggest the importance of P2 receptors, we think
that our results should be evaluated with great caution
because chemicals such as suramin and PPADS may
also inhibit other target molecules. Besides ATP, we do
not exclude the possibility that other factors are involved.
Three growth factors have been so far reported to be
related to muscular dystrophy: insulin-like growth factor-1
(IGF-1), fibroblastic growth factor, and transforming
growth factor-g1.#® These growth factors would also be
important for dystrophic muscle pathology, because they
are capable of activating NHE. For example, Perron and
colleagues®® reported that mechanical stretching in-
duced autocrine secretion of IGF-1 in tissue cultures of
differentiated avian pectoralis skeletal muscle cells. In
our measurement, however, the |GF-1 concentration in
serum was not as high in dystrophic animals (BIO14.6
hamsters and mdx mice) compared with normal animals,
and in addition, scavenging of IGF-1 by anti-IGF-1 anti-
body did not biock CK release in BIO14.6 myotubes
(data not shown), suggesting that at least the contribution
of IGF-1 may be rather small.

We found that ATP is released from BIO14.6 myotubes
even in the absence of stimuli, and ATP concentration in
the medium reached ~50 nmol/L after stretching. We
also found that ATP concentration in the serum of dystro-
phic animals is significantly higher than that of normal
controls (data not shown). In general, ATP concentration
in the bulk medium is thought to be much fower than that
localized close to the cell surface. For example, a previ-
ous study clearly showed that ATP leveis in the proximity
of the plasma membrane surface can be 10- to 20-foid
higher than those in the bulk medium.>* Recent experi-
ments using the recombinant luciferase technigue re-
vealed that cells can release large amounts of ATP (100
to 200 umol/L).52 Therefore, it is likely that ATP exists in
close proximity to the surface at concentrations sufficient
for stimulation of P2 receptors, although further analyses
are needed o determine the ATP concentration in the
vicinity of the cell surface. ATP release has been reported
to occur through several pathways, including exocytotic
vesicles,>® anion channels,*%% hemi-gap channels,5657
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and some types of transporter.>®5° it is possible that
some of these pathways are activated by stretching in
dystrophic muscles thereby resuiting in enhanced release
of ATP. In addition, because «-SG is ecto-ATPase,*® the
reduced level of &-SG would result in preservation of higher
ATP concentration in 5-SG-deficient BIO14.6 hamsters.
Clearly, the mechanism of enhanced ATP release in dystro-
phic animals is an important issue to be addressed in future
studies, together with identification of the involving P2 re-
ceptor species. Our pharmacological experiments demon-
strated that suramin is as effective as cariporide in sup-
pressing muscle degeneration. Simuftaneous administration of
suramin and cariporide exerted an additive beneficial
effect on muscle dysgenesis in BIO14.6 hamsters (Figure
8, A-C), itis also possible that other pathways in addition
to P2 receptors may be involved in activation of NHE.
Cariporide and suramin were reported to exert the
bensficial effect in vivo on tissue injury at least partly
through the anti-inflammatory effect.'~%2 For exampile,
cariporide was reported to attenuate leukocyte-depen-
dent inflammatory responses and subsequent tissue
damage in myocardial ischemia/reperfusion injury.®’
Thus, it is possible that these chemicals may prevent
muscle damage via reduction in leukocyte-mediated in-
flammation. However, in addition to protective effects in
vivo, we observed that cariporide and suramin effectively
blocked the CK effiux from BIO14.6 myotubes. This ob-

- servation suggests that these chemicals can exert the

protective effect by directly acting on skeletal muscles,
although we do not exclude the possibility for their indi-
rect beneficial effects in vivo.

In summary, we demonstrated that the NHE inhibitors
cariporide and EIPA attenuate the muscie degeneration
and myopathy in two dystrophic animal modeis, BIO14.6
hamsters and mdx mice. Based on detailed data obtained
using cultured BIO14.6 myotubes, we propose that the
activation of NHE is of primary importance in the pathogen-
esis of muscular dystrophy. We consider that P2 receptor
activation by constantly released ATP would activate NHE
and result in increases in [Na‘), thereby increasing the
resting level of [Ca®*}; via NCX, together with activation of
Ca?* influx pathway TRPV2. However, it should be noted
that protection by NHE inhibitors is not complete, which is
reasonable in view of the underlying complexity of dystro-
phy. Nevertheless, our results suggest that, in principle,
NHE inhibition represents a desirable approach to reduce
muscle dysgenesis and may represent an attractive thera-
peutic approach. The benefits of NHE inhibitors could be
accentuated when used in combination with other therapies
for the treatment of muscular dystrophy.” Although the un-
derlying molecular mechanism is still unknown, our present
study would provide a novel framework in signaling model
connecting the genetic defect and muscle degeneration,
which should be addressed in further studies.
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Na*/H* exchanger 1 (NHE1) regulates intracellular pH, Na*
content, and cell volume. Calcineurin B hemniologous protein 1
(CHP1) serves as an essential cofactor that facilitates NHE1
exchange activity under physiological conditions by direct bind-
ing to the cytoplasmic juxtamembrane region of NHE1. Here we
describe the solution structure of the cytoplasmic juxtamem-
brane region of NHE1 complexed with CHP1. The region of
NHE1 forms an amphipathic helix, which is induced by CHP1
binding, and CHP1 possesses a large hydrophobic cleft formed
by EF-hand helices. The apolar side of the NHE1 helix partici-
pates in extensive hydrophobic interactions with the cleft of
CHP1. We suggest that helix formation of the cytoplasmic
region of NHE1 by CHP1 is a prerequisite for generating the
active form of NHEL. The molecular recognition detailed in this
study also provides novel insight into the target binding mech-
anism of EF-hand proteins.

Na*/H™ exchangers comprise a family of countertransport
proteins that catalyze the electroneutral exchange of Na* and
H*. Nine isoforms of the Na*/H™ exchanger have been iso-
lated and shown to possess similar membrane topologies con-
sisting of 12 N-terminal membrane-spanning helices and a
large C-terminal cytoplasmic region (Fig. 1A). The exchanger
isoforms exhibit tissue-specific expression, membrane localiza-
tion, and kinetic and pharmacological properties (1). They par-
ticipate in a broad range of physiological processes includ-
ing the regulation of cell volume, transepithelial transport of
electrolytes, cell proliferation, apoptosis, and differentiation.
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Isoforms NHE1-5, localized at the plasma membrane, are pri-
marily involved in the regulation of intracellular pH (pH,)? and
Na™ concentration (1). :

Of them, the ubiquitously expressed isoform NHE1 is the
best studied mammalian Na*/H" exchanger. The activity is
controlled by various extrinsic factors including hormones,
growth factors, pharmacological agents, and mechanical stim-
uli (1). The regulation of NHE1 by these external stimuli is
thought to be exerted through the action of a variety of signal-
ing molecules including calcineurin B homologous protein (2,
3), calmodulin (4, 5), low molecular mass GTPases of the Ras
and Rho family (6-8), p42/44 mitogen-activated protein
kinases (9), p90 ribosomal S6 kinase (10), 14-3-3 protein (11),
Nck-interacting kinase (12), and phosphatidylinositol 4,5-
bisphosphate (13). However, the detailed mechanism through
which these events occur remains unknown.

Among these factors, CHP1 can serve as an essential
cofactor and is required by at least three NHE isoforms
(NHE1-3) to express high physiological levels of exchange
activity (3). It was shown that CHP1 bound directly to the
juxtamembrane region of the C-terminal cytoplasmic
domain. When GFP-CHP1 and NHE1-3 were co-expressed,
it was found that GFP-CHP1 was mostly localized at the cell
surface, whereas co-expression of CHP1 and a CHP1 bind-
ing-defective NHE1 mutant failed to show co-localization,
implying that NHE1 is a principal target of CHP1 (3). In
addition to reduced activity in the neutral pH range, the
CHP1 binding-defective NHE1 mutant showed a marked
reduction in pH, sensitivity (~0.7 pH unit acidic shift) that
subsequently abolished various NHE1 regulatory responses.
Furthermore CHP1 deprivation resulted in marked reduc-
tion (>90%) of NHE1 activity (3). These observations sug-
gest that the association of NHE1 with CHP1 is critical for
activity and the maintenance of NHE1 pH; sensitivity (14).

CHP1 consists of four EF-hands, the primary sequence of
which is homologous to calmodulin (CaM) and calcineurin B

2 The abbreviations used are: pH, intracellular pH; HSQC, heteronuclear sin-
gle quantum coherence; NOE, nuciear Overhauser effect; NOESY, NOE
spectroscopy; TOCSY, total correlation spectroscopy; CANDID, combined
automated NOE assignment and structure determination module; CaM,
calmoduiin; CNB, caicineurin B; NHE, Na* /H™ exchanger; CHP, calcineurin
B homologous protein; CNA, calcineurin A; Ni-NTA, nickel-nitrilotriacetic
acid; GST, glutathione S-transferase; CHAPS, 3-[(3-cholamidopropyl)di-
methylammonio]-1-propanesulfonic acid; r.ms., root mean square; Ky,
voltage-gated potassium channel; KChIP, Kv-interacting protein; PIP,,
phosphatidylinositol 4,5-bisphosphate.
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Solution Structure of the NHE1-CHP1 Complex

A trans-membrane region

CHP binding region  CaM binding region

cytoplasmic domain

Interestingly CHP1 has been
reported to exhibit multiple func-
tions. It was initially identified as a

.,—/} - protein (p22) involved in vesicular
T transport (15) and the inhibition of
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(16). It was also found to interact
with microtubules (17), DRAK2
(death-associated protein kinase-
related apoptosis-inducing protein
kinase 2) (18) and KIF1BB2 (kinesin
family 1BB2) (19).

A second CHP isoform, CHP2,
& with 61% sequence identity was also
identified and found to be involved
HEIH in the maintenance of abnormally
high pH; in malignantly trans-
formed cells. CHP2 is expressed ata
relatively high level in malignantly
transformed cells and in rat small
intestine, suggesting that it plays a
specific role in this tissue (20). In addi-
tion, tescalcin, an EF-hand protein
closely related to CNB, that interacts
with the cytoplasmic region of NHE1
has been identified (21, 22).

The crystal structure of NHE1-un-
bound rat CHP1 was recently deter-
mined and revealed that the overall
structure is similar to CNB where
Ca%™ ions are coordinated within
EF-3 and EF-4. However, the interac-
tion mechanism between NHE1 and
CHP1 remains unknown (23).

Here we report on the solution
structure of the cytoplasmic region
of NHE1 bound to CHP1 as deter-
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FIGURE 1. Multiple sequence alignments of NHE1 and CHP1. A, domain structure and alignment of NHE1.

B, alignment of CHP1, CHP2, and human calcineurin B. In A and B, sequence alignment was performed using
ClustalW. Secondary structure elements of the proteins are shown schematically at the top of the alignments.
N- and C-terminal domains of CHP1 are colored in blue and magenta, respectively, for clarity. Conserved and
serniconserved residues are colored in yellow and green, respectively. The 12-residue motif involved in the

EF-hand is underlined, and key residues are indicated as X, ¥, Z, -, -X, and -Z.

(CNB), possessing 31 and 41% sequence identity, respectively
(Fig. 1B). It is well known that all CaM and CNB EF-hands can
bind Ca**. However, CHP1 EF-1 and EF-2 are ancestral and do
not bind Ca®>" under physiological conditions, whereas EF-3
and EF-4 bind two Ca®" ions with high affinity (~90 nm) based
on the **Ca®* binding experiments for several CHP1 mutants
(14). Complex formation between CHP1 and the CHP1 binding
domain of NHE1 resulted in a marked increase in Ca* binding
affinity (K, = ~2 nm) (14). This suggests that CHP1 constitu-
tively contains two Ca®" ions when associated with NHEL1 in
cells (14).

2742 JOURNAL OF BIOLOGICAL CHEMISTRY

mined by NMR. Details of the
NHE1-CHP1 interaction are de-
scribed. We present mutational
binding data to delineate the signif-
icance of the interactions observed
in the complex. Based on the struc-
ture, we suggest a role for CHP1 in
terms of NHE1 activation. Compar-
isons of the binding mode between
NHE1-CHP1 and calcineurin A
{CNA), CNB, and other related four-EF-hand proteins are also
discussed.

186
170

EXPERIMENTAL PROCEDURES

Sample Preparation—The NHE1-CHP1 complex was co-ex-
pressed and co-purified. DNA encoding NHE1 was cloned into
the pET24a vector (Novagen), and CHP1 was subcloned into
pET11a (Novagen), which produces recombinant protein with
a hexahistidine (His,) sequence at the C terminus. The proteins

were co-overexpressed in Escherichia coli BL21(DE3) cells.

Uniformly **N- and **N/*3C-labeled proteins were prepared by
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growing bacteria in minimal medium containing **NH,Cl with
or without [**C¢]glucose. Uniformly **N/*3C-labeled and frac-
tionally deuterated protein sample was prepared using medium
containing 60% *H,O. The NHE1-CHP1 complex was purified
using a standard Ni-NTA affinity column protocol (Qiagen).
Further purification was performed by gel filtration using
Superdex 200 (GE Healthcare). NMR samples contained 0.5~
0.9 mm protein in 50 muM Tris-d, buffer (pH 6.9), 1 mm dithio-
threitol-d, ,, 30 mm KCl in H,0/?H,0 (9:1) or 2H,0.

NMR Spectroscopy—NMR data were recorded at 37 °C on
Bruker AVANCE 500 and DRX 800 NMR spectrometers. Res-
onance assignments for "HN, '°N, *Cq, 3CB, and '3C’ nuclei

for the CHP1-NHE1 complex were obtained through the fol-

lowing ?H-decoupled, triple resonance spectra applied to a
fractionally deuterated '*N/*3C-labeled sample: three-dimen-
sional HNCACB/HN(CO)CACB (24) and three-dimensional
HN(CA)CO/HNCO experiments (25, 26). Side-chain *H and
13C resonances were assigned on a fully protonated sample ora
fractionally deuterated *°N/*3C-labeled sample using three-di-
mensional C(CO)NH, three-dimensional H{CCO)NH, four-di-
mensional HC(CO)NH, and three-dimensional HCCH TOCSY
(27-29). Stereospecific assignment of leucine and valine methyl
groups were obtained from a Constant Time-‘H/**C HSQC
spectrum of a 15% '*C-labeled sample (30). *He and 'Hp reso-
nance assignments were supplemented with three-dimensional
H(CACOQ)NH (31), **N-edited TOCSY-HSQC (32), and three-
dimensional HBHA(CBCACO)NH (33). Aromatic resonances
of both NHE1 and CHP1 were mainly assigned using three-
dimensional '3C-aromatic-edited/*>N-separated NOESY-
HSQC, three-dimensional *C-edited NOESY, *H-'H TOCSY,
and NOESY experiments (32). The assignment was verified
using the Constant Time-'"H/**C HSQC spectrum of a 15%
'3C-labeled sample (30). The following NOESY spectra were
recorded for the protonated sample and used to generate dis-
tance restraints for structure calculations: three-dimensional
*N-edited NOESY (80-ms mixing time), three-dimensional
13C-edited NOESY (80-ms mixing time), and two-dimensional *"H
NOESY (80-ms mixing time). Slowly exchanging amide protons
were identified from a series of two-dimensional **N HSQC spec-
tra recorded after the H,O buffer was replaced with *H,O buffer.
All NMR spectra were processed using NMRPipe/NMRDraw
(34) analyzed using SPARKY (35).

Structure Calculations—Intramolecular and intermolecular
distance constraints were identified in the three-dimensional
'*N/!3C-separated NOESY spectra using a *N/*3C-labeled
NHE1-CHP sample with mixing times of 80 ms. Backbone
hydrogen bond restraints within regular secondary structure
elements that were consistent with backbone amide hydrogen/
deuterium exchange data were included in the structure calcu-
lations. The initial structure calculations were performed by
iterative automated assignment of the NOE spectra using
CANDID (36) in addition to manually assigned NOE-derived
distance restraints. The restraints, leading to converged struc-
tures, were subsequently utilized for the iterative automated
assignment of all spectra including aromatic residues using
CANDID. Finally refinement of the structures (including two
Ca®" ions) using XPLOR-NIH (version 2.96) was performed
(37). The final structure calculations used a total of 4022 NOE-

JANUARY 26, 2007 +VOLUME 282-NUMBER 4
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derived distance restraints obtained from the manual and the
CANDID-assisted assignments from the !N- or *C-edited
NOE data. A total of 100 simulated annealing structures were
calculated, and 20 structures were selected that possessed no
NOE violations greater than 0.5 A and no dihedral violations
greater than 5°. Final structures were evaluated using the pro-
gram ProcheckNMR (38). Structures and figures were drawn
using MOLMOL (39), GRASP (40), and Chimera (41).

Mutagenesis and GST Pulldown Assay—For the binding
analyses, CHP1 was expressed as a fusion protein with GST in
E. coli, which was then subcloned into modified pGEX6P-3
(Novagen) (42). Site-directed mutant proteins were prepared
using the QuikChange kit (Stratagene). DNA sequencing
confirmed the mutations. Vectors were transformed into
BL21(DE3)star (Invitrogen). Cells were grown at 37 °C and then
induced with 1 mm isopropyl 1-thio-B-D-galactopyranoside for
12 h at 20 °C. Harvested cells were disrupted via sonication in
HEPES (pH 8.0) containing 10% glycerol, 10% sucrose, 1 mm
dithiothreitol, and 30 mMm KCl. The GST-CHP1 fusion protein
was purified using glutathione-Sepharose (GE Healthcare) and
a standard protocol except that the equilibrium buffer was
changed to 50 mm HEPES buffer (pH 8.0) containing 10% glyc-
erol, 1 mm dithiothreitol, and 30 mm KCI, and the column was
washed extensively with 20 mm CHAPS. The effect of mutation
on the binding of CHP1 to NHE1 peptides was characterized
using a GST pulldown assay. Synthetic NHE1 peptide (residues
514-545 including a hexahistidine sequence at the C terminus)
was purchased from Greiner Japan (Tokyo, Japan). Briefly wild-
type and CHP1 mutant GST fusion proteins, in addition to GST
alone, were incubated for 30 min at 20 °C with NHE1 peptide in
binding buffer containing 50 mm HEPES (pH 7.5), 20 mM
CHAPS, 10% glycerol, 1 mM Pefabloc, and 1 mwm dithiothreitol.
GST protein-bound Sepharose beads were washed extensively
with binding buffer. Proteins were resolved by 12% NuPAGE
(Invitrogen) and blotted onto membranes, and then His-NHE1
was analyzed with Ni-NTA-conjugated alkaline phosphatase
(Promega) and Western Blue substrate (Promega). Quantifica-
tion was represented as the average value of experiments per-
formed in triplicate.

RESULTS AND DISCUSSION

Structure Determination—To better understand the mecha-
nism pertaining to CHP1-regulated NHEL1 activity, the solution
structure of unmyristoylated CHP1 complexed with the cyto-
plasmic region (503-545) of NHE1 was determined by NMR
spectroscopy. Our structural studies were initially hampered by
the fact that NHE1-free CHP1 tended to aggregate during NMR
measurements, and the CHPl-unbound cytoplasmic region
(503—-545) of NHE1 readily degraded during the expression and
purification steps. Consequently NMR structural analysis of co-
expressed and co-purified samples was undertaken. Co-expres-
sion of CHP1 and NHE1-(503-545) produced a stable complex
for structural studies and showed no significant degradation
and aggregation for several weeks.

The 'H-"*N HSQC spectrum of NHE1-unbound CHP1 dis-
plays many broadened peaks presumably due to formation of a
dimer, multimer, or an equilibrium between these states in
solution. In contrast, the HSQC spectrum of **N-labeled CHP1
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Solution Structure of the NHE1-CHP1 Complex
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o ® in terms of conventional NMR stud-
¢ ies. Consequently utilization of tri-

o ple labeling (*H, '3C, and '*N) and

y 110 the recently developed computa-

' % * tional methodology, CANDID, was

extremely helpful in the structure
determination. Sequential backbone
assignments and most side-chain
assignments were obtained from a
60% *H/*°N/*3C-labeled sample
using standard friple resonance
oo ! experiments. Missing 'H resonances
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15 nuclear three-dimensional NOESY
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FIGURE 2. "H-"5N HSQC spectra of 'SN-labeled NHE3-free CHP1 (left image) and "*N-abeled NHE1-(503—
545)-CHP1 complex (right image). These spectra were obtained with 0.3 mm samples at pH 6.9 and 37 °C

recorded on the AVANCE 500.

TABLE 1
Structural statistics for NHE1-CHP1 .

These statistics represent an ensemble comprising 20 of the lowest energy struc-
tures obtained from 150 starting structures. Structure caiculations were performed
using XPLOR-NIH version 2.9.6.

Total number of distance constraints 4242
Long range (i — i > 4) 589 (inter: 134)
Middle range (i —j| = 2, 3,4) 874
Short range (i — 1 = 1) 1038
Intraresidue 1521
Hydrogen bond constraints (including Ca>* 110X 2
coordination restraints) -
Dihedral constraints
b @ : 105, 105
x1 17
r.m.s. deviation from experimental constraints®
Distance (A) 0.0288 = 7 X 10™*
Angie () 044 +3x1072
r.m.s. deviation from idealized covalent geometry
Bonds (A) 0.00248 + 6 X 10™°
Angles (%) 0.360 + 6 X 1073
Impropers (°) 031+1X 1072
XPLOR energy terms (kcal/mol)®
Epona 23+1
138%5
angle
" Limp 28+ 2
E swap —6.6 X 10° = 0.2 X 10°
PROCHECK Ramachandran plot (185-254)
Residues in most favored regions (%) 78.6
Residues in additional allowed regions (%) 18.1
Residues in generously allowed regions (%) 29
Residues in disallowed regions (%) 04
r.m.s. deviation of mean structure derived from 30 calculated structures
Backbone (10-92, 108--192, 516--538) (A) 0.53
All heavy (10-92, 108-192, 516—538) (A) 1.15

2 None of these sbuctures exhibited distance violations >0.5 or dihedral angle
violations >5".
? E awiiy) TEPresents the Lennard-jones energy of the XPLOR energy terms.

complexed with NHE1 is well dispersed with favorable line
shapes (Fig. 2), suggesting that the complex essentially adopts
an ordered monomeric structure in solution.

Our target complex was ~27 kDa in size, assuming a 1:1
complex of CHP1 (22 kDa) and NHE1 (5 kDa). This represented

2744 JOURNAL OF BIOLOGICAL CHEMISTRY

methyl groups were carefully con-
firmed in a stereospecific manner
using two-dimensional Constant
Time HSQC spectra recorded for a
15% randomly enriched *3C sample.
Methyl groups for 18 of 24 leucines
and nine of 11 valines were stereospecifically assigned. Aromatic
ring proton assignments, essential for delineating hydrophobic
core and protein-protein interactions, were obtained using two-
dimensional TOCSY, two-dimensional NOESY, two-dimensional
HCCH(arom) TOCSY, and three-dimensional *C(arom)-edited
15N-separated NOESY experiments.

NMR spectra including the three-dimensional *C-edited
NOESY spectrum used to monitor inter/intramolecular
H-'H NOEs were of adequate quality to pursue a structural
determination of the NHE1-CHP1 complex. Use of partial
deuteration and the almost complete resonance assignment of
methyl groups forming the hydrophobic core facilitated an ini-
tial determination of the overall protein fold. A high resolution
structure was subsequently obtained using CANDID for auto-
mated assignments, which included the use of ambiguous
NOEs from °N- and 3C-edited NOESY experiments recorded
for °N- or 'SN/*3C-labeled protein samples. An iterative
approach was used for assigning NOEs in addition to the man-
ually assigned unambiguous NOEs. The solution structure of
the CHP1-NHE1 complex was determined from a total of over
4000 NMR-derived restraints, including 134 intermolecular
distance restraints (Table 1). The ensemble of 20 structures in
excellent agreement with a large body of experimental data
were well defined (Fig. 3A4). The r.m.s. deviations of backbone
and heavy atoms over residues 518 —537 of NHE1 and residues
10-92 and 108-193 of CHP1 were 0.53 and 1.15 A, respec-
tively. Of the NMR structures determined, the one with the
smallest total energy was selected as representative for further
discussion. The complex is predominantly a-helical, and the
CHP1 helices constitute a cleft. A helix of the cytoplasmic
region of NHE1 associates with- CHP1 in 1:1 stoichiometry via
the cleft (Fig. 3, A and B).

Structure of NHEI—-NHEI] forms a five-turn amphipathic
helix composed of residues 518 ~537. Orientation of the NHE1
helix is well defined relative to CHP1, consistent with the large

B 7 6
H (ppm)
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of medium and long range NOEs
involving these regions. The nar-
row resonance linewidths, chemical
shift index, and steady state {*H}-
"®N heteronuclear NOE suggest
that these regions are unstructured
in the complex.

Structure of CHP1-—-CHP1 is
composed of 10 a-helices and a long
loop folded into two globular
regions representing the N- and
C-terminal domains (Fig. 3B). The
secondary structure consists of oA
(residues 11-22), aB (residues
26-37), aC (residues 48-51), aD
(residues 64-70), aE (residues
80 -88), oF (residues 111-122), oG
(residues 132-143), aH (residues
149-162), al (residues 174-180),
and aof (residues 185-188) (Figs. 1B
and 3B). The N-terminal domain
consists of ancestral EF-hands, EF-1

under physiological conditions. The
EF-1 hand includes helix aB, loop
L2, and helix aC followed by loop L3
to the second EF-hand that includes
helix aD, loop L4, and helix aE
(Figs. 1B and 3B). A long loop region
consisting of residues 93-110 con-
nects the N- and C-terminal
domains. Because this characteris-
tic long insertion is not found in cal-
cineurin B (Figs. 1B and 3, A and B),

FIGURE 3. Solution structure of the NHE1-CHP1 complex. A, stereoview of the backbone superpositions of - werefer to this longloop as the CHP

thefinal 20 simulated annealing structures of the NHE1-CHP1 complex. 8, ribbon drawing of the representative
NHE1-CHP1 structure complex. A and B, residues 517-538 of NHE1 and 10-192 of CHP1 are shown. The N-and
C-terminal domains of CHP1 are colored in blue and magenta, respectively, and the CHP loop is colored in gray.

NHE?1 is shown in green. Ca?* ions are shown by gold spheres.

number of intermolecular NOEs detected between CHP1 and
NHE1 (Table 1 and Fig. 34). The N-terminal half of the helix
(residues 518 -530) binds to the C-terminal domain of CHP1,
and the C-terminal half of the helix (residues 531-537) binds to
the N-terminal domain of CHP1 (Fig. 4A4). Side-chain confor-
mations of the helix are also well defined particularly for apolar
residues that make extensive contacts with CHP1. For example,
NMR spin-echo difference 3/, and slc.cy experiments, which
bring about y1 rotamer information of aromatic side chain,
showed that the His-523 and Phe-526 adopted g+ and ¢ confor-
mations, respectively. The helix exhibits amphipathic character
in which the bulky hydrophobic residues Ile-518, lle-522, His-
523, Phe-526, Leu-527, Leu-530, Leu-531, lle-534, and Ile-537
are clearly confined to one side, and hydrophilic residues are
exposed at the other side (Fig. 4B). The hydrophobic residues
form a continuous apolar surface (Fig. 4B). The main-chain and
side-chain conformations of residues preceding and following
the helix, residues 503-517 and 538-545, respectively, are
poorly defined in the NMR structure because of the absence

JANUARY 26, 2007 -VOLUME 282-NUMBER 4

-loop. The absence of medium and
long range NOEs, a chemical shift
index, and {*H }-'*N heteronuclear
NOE value indicate that this region
is flexible in solution. The first EF-hand in the C-terminal
domain includes helix oF, loop L5, and helix aG folilowed by
loop L6 and the second EF-hand that consists of helix «¢H, loop
L7, and helix ol (Figs. 1B and 3B).

The four CHP1 EF-hands form a deep hydrophobic pocket,
which constitutes the interaction surface for the NHE1
amphipathic a-helix. CHP1 binds to the apolar side of NHE1
with the four EF-hands through a side-by-side manner (Fig.
4.A). This contrasts with the well known canonical CaM-target
binding mode that represents a wrap-around manner in which
two pairs of EF-hands bind to the target IQ motif helix on oppo-
site sides to each other (43, 44).

Although there is modest sequence similarity between CHP1
and CaM, it should be noted that the latter interacts with a large
number of proteins with various interaction modes including
canonical 1:1 binding and non-canonical 1:1, 1:2, and 2:2 bind-
ing (43, 44). It has been suggested that the observed binding
versatility of CaM could be derived from the variable position-
ing of the two domains, linked by a flexible linker, that can
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and EF-2, that do not bind calcium -
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