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effects, or impairment of the quality of life (QOL) of the
recipient. Fundamentally innovative antiarrhythmic strategies
are, therefore, a matter of great concemn to cardiologists.

In the heart, gap junctions (GJs) provide the pathways of

intercellular current flow, enabling coordinated action po- .

tential propagation and contraction. GJ-channels are con-
structed from connexins (Cx), a multigene family of conserved
proteins. In the mammalian heart, connexin43 (Cx43) is the
most abundant and ubiquitous. Deranged expression and
organization of Cx43 GJs in the ventricular muscles have been
demonstrated in a variety of diseased hearts including is-
chemia, hypertrophy and inflammatory cardiomyopathy {1].
Such GJs remodeling is supposed to create arrhythmogenic
substrates by modulating the propagation of excitation. X-ray
irradiation has been shown to increase intercellular commu-
nication in the mouse skin [2] and rat alveolar epithelial cells in
the lung [3] through an increase of expression of Cx43. If
analogous up-regulation of Cx43 by radiation is induced

" efficiently in the diseased heart, it would provide a new
perspective in the treatment of arrhythmias.

Radiotherapy using heavy-ions to treat deep-seated cancer
was started at the National Institute of Radiological Sciences
(NIRS) in Chiba, Japan in 1994 [4]. Charged-ion beams such
as accelerated carbon-ions show a unique depth-dose distri-
bution referred to as the Bragg peak in the target matter [5].
Those energetic ion beams decrease in kinetic energy thus
reducing the velocity, finally stopping at a defined depth in
the target object with high linear energy transfer (LET) [6],
indicating a high relative biological effectiveness to X-rays
(RBE). This gives advantages to heavy-ions over other
radionucleid species in cancer therapy [5,6]. Based on this
oncological experience, we hypothesized that such targeted
heavy-ion beam irradiation (THIR) could also offer an ad-

vantage in causing up-regulation of Cx43 in the ischemic .

myocardium with minimal damage to the surrounding tissues.
2. Methods

Animal-handling followed the Guide for the Care and

Use of Laboratory Animals (NIH Publication 85-23, revised -

1996) with procedures approved by the Animal-Experimen-
tation Ethics Committee of the Tokai University.

2.1. Animal model and heavy ion radiation

New Zealand white rabbits (n=48) weighing 3.5-4.0 kg
were used. Non-transmural patchy myocardial infarction (MI)
was created in 24 rabbits by microsphere injection (15 pm in
diameter, 5% 10°/mL, 3 mL) into the coronary arteries by the
transcatheter approach introduced from the carotid arteries [7].
The remaining 24 rabbits served as controls. Two weeks later,

each 12 of MI and control rabbits received targeted THIR.

Therefore, 4 animal groups were prepared: Control (C), C+
THIR, M], and Mi+THIR.

" We used carbon-ion beams provided by the Heavy lon
Medical Accelerator in Chiba (HIMAC) at NIRS, Japan [4].

The antero-lateral left ventricular (LV) free wall was focused
for irradiation with carbon-ion beams (15 Gy) through the
left anterior breast. The dose setting was confirmed appro-
priate in a pilot study. More details regarding the THIR
procedures are described in the online data supplement.

2.2. Histology and immunohistochemistry

Ventricular tissue sections (12 pum thick slices) were fixed
and embedded in paraffin. To recognize the MI and fibrosis
region, the sections were stained by both hematoxylin/eosin
(HE) and azan. The amounts of fibrosis were estimated from
the binary images of azan-staining (Fig. 1). For immunos-
taining, the sections were incubated with an anti-Cx43 mouse
monoclonal antibody (Chemicon), and then were treated with
the secondary antibody (Alexa Flour 488 conjugated anti-
mouse IgG). Some sections were also labeled with Alexa
Flour 594 conjugated anti-cadherin, mouse monoclonal anti-
body (abcam). The immunolabelled sections were examined
with a laser confocal microscope (LSM510, Version 2.02),
and analyzed with the CLSM macro program (Carl Zeiss).

2.3. Real-time PCR and Western blotting

To quantify mRNA expression of Cx43 in the LV free
wall, we performed a real-time PCR assay (Perkin-Elmer
ABI Prism7700) {8]. GAPDH mRNA was used as an internal
control. Sequence of PCR primers and sequence-specific
probes are shown in the online data supplement.

The amount of Cx43 protein was evaluated by Western
blotting [9]. The intensity of the Cx43 bands was quantified
by densitometry and normalized to a-tubulin as the control.

2.4. In-vivo experiments

In-vivo electrophysiology experiments were conducted
following open thorax surgery under anesthesia (o-chloral-
ose, 80 mg/kg and urethane, 1000 mg/kg) [10]. An array of
8 x 8 monopolar electrodes (64Map) to cover 7% 7mm square
(interpolar distance, 1 mm) was put on the LV wall between
the left anterior descending branch (LAD) and left circumflex
branch (LCx) of coronary arteries (Fig. 5A) [10]. The 64Map
signals recorded simultaneously were acquired and processed
by a computer. Activation time (AT) was defined as the
interval from the beginning of QRS to the initial sharp nega-
tive deflection (min d¥/dr). Recovery time (RT) was defined
as the interval from the beginning of QRS tomax dV/dt of T
wave. The time difference between AT and RT in each
electrogram was measured for the activation-recovery inter-
val (ARI) as an index of action potential duration {11]. The
dispersion of ARI (ARID) in the mapped area was estimated
by the standard deviation of ARI at 64 electrodes [12]. The
earliest AT within the electrode array was set down as 0 ms.
Total activation time (TAT) was assessed as the delay bet-
ween activation of the first and activation of the last electrode
[12].
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Fig. 1. Creation of non-transmura) patchy myocardial infarction (MJ) in rabbit hearts. A, a complete cross section of a Jow (left top), a moderate (right top) and a
high magnification (bottom) of the ventricles 4 weeks after the creation of MI stained with HE/azan. Patchy fibrotic tissues (blue) are widely distributed in the
subendocardial (a), mid-myocardial (b) and subepicardial (c) layers of the left ventricle (LV). B, 3-dimensional illustration of fibrotic tissue distribution (blue) in

the same heart.

In order to assess the anisotropic conduction property, LV
was paced at a cycle length of 200 ms (pulses of 1 ms
duration and 1.2 times the threshold) via a pair of contiguous
bipolar electrodes placed in the middle on the upper edge of
the electrode array. Longitudinal (L) and transverse (T)
directions .of propagation were determined from the
isochrone maps [9]. Conduction velocity (CV) was deter-
mined by linear regression of the isochrone distance vs. AT.

Propensity to VT/VF was tested by programmed electri-
cal stimulation under norepinephrine infusion (0.1 pg/kg/
min, i.v.). A pair of bipolar electrodes was placed on'the
epicardial surface near the LV apex. Following 5 basic
stimuli (S1) at a cycle length of 200 ms, triple extra-stimuli
(S2—S4) of double threshold were applied at progressively
shorter coupling intervals.

2.5. Data analysis

Data are presented as means=SD. Data sets containing
multipie groups were analyzed by 2-way layout analysis of
variance and Bonferroni type multiple comparisons. Differ-
ences were considered statistically significant at a value of
P<0.05. '
3. Results
3.1. Standard light microscopy

Pathological features of rabbit hearts 4 weeks after
creation of non-transmural MI by the microsphere injection

method were analyzed in sections stained with HE and azan. .

Representative results (without radiation) are shown in Fig. 1.

Multiple, small patchy infarctions with fibrosis surrounded
by noninfarcted myocardium were recognized throughout the
whole LV, and in part in the right ventricular (RV) free wall.
Although the entire thickness of LV wall was involve, the
fibrosis was more marked in the subendocardial region
compared with subepicardial region. Qualitatively similar
results were obtained from the hearts with and without THIR.
The fibrosis areas estimated from the azan-staining of 4
whole cross sections in each heart from the base to the apex
(Fig. 1) were 12.7£4.4% and 12.2+4.8% in MI and MI+
THIR groups, respectively (=35, P=0.05). Thus, THIR did
not affect the amounts of fibrosis.

3.2. Immunostained Cx43 GJs in LV myocardium

Confocal microscopy for Cx43 immunolabeling was car-
ried out in -6 hearts from all the 4 animal groups. Fig. 2A
shows the representative effects of THIR. in the control heart
(without MI creation). Longitudinal sections of LV free wall
myocardium were labeled for Cx43 ‘(stained green) and
cadherin (stained red). In Control, Cx43 formed clusters of
punctate immunofluorescence domains confined to well-
organized intercalated disks running across the longitudinal
axis (panel a, arrows). Cadherin labeling showed a similar
distribution to Cx43 (panel b). Double staining revealed the
co-existence of Cx43 GJs and cadherin-containing fascia
adherents confined to the intercalated disks, giving rise to
their yellowish staining (panel c). In a rabbit 2 weeks after
radiation (C+THIR), in contrast, Cx43 labeling was distri-
buted not only at the intercalated disk but also at the lateral
aspect of myocytes (panel d, arrowheads), whereas the
normal distribution of cadherin was preserved (panel e).
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Fig. 2. Immunostained Cx43 gap junctions and fasciae adherentes in the LV myocardium of rabbits without M1. A, An LV myocardium sectioned longitudinally
was labeled for Cx43 (green) and cadherin (red). Top, a section from a control heart; bottom, a section from a heart after targeted heavy jon irradiation (THIR).
All images are single optical slices (confocal laser microscopy). Scale bar, 20 um. B, The proportion of the total cell area occupied by Cx43 immunoreactive
signal. Average values of 5 fields in each sample was obtained, and then means=SD of the values were calculated for each 6 samples. *£<0.05 vs. Control. C,
Changes in the proportion of Cx43 labeled at the intercalated disk region (ID) and lateral cell surface (LS). (meansz SD). Data were obtained from 12 rabbits (6 in

each group). *P<0.05 vs. Control.

Double staining confirmed the dissociation of Cx43 from the
intercalated disks (panel f). Similar derangements (laterali-
zation) of Cx43 distribution were recognized in all C+THIR
group. Fig. 2B shows-the proportion of total cell area occu-
pied by Cx43 immunoreactive signals. The radiation resulted
in a significant increase in the Cx43 immunoreactive signals
of 76%. Fig. 2C shows the proportion of Cx43 labeling at the
lateral cell surface over the total labeling. The value in C+
THIR was significantly higher (by 535%) than Control.

Fig. 3 show the effects of THIR on MI hearts. Repre-
sentative changes of Cx43 immunolabeling patterns were
compared in Fig. 3A at a low and a high magnification. In an

MI heart (left), normal Cx43 labeling confined to the’

intercalated disks was preserved in the area distant from the
infarcted tissue (patchy loss of myocytes indicated by
arrowheads) (panels a, and c). In the area neighboring the
infarcted tissue, Cx43 labeling was characterized either by
prominent disorganization (panel e) or depletion (panel d). In
an MI+THIR heart (right), immunoreactive Cx43 signals
were increased throughout all of the LV tissues. This up-
regulation was recognized not only in the normal zone distant
from the patchy infarcted tissue (panel f), but also in the peri-
infarct regions (panels g and h). The punctate Cx43
immunolabeling was distributed over the intercalated disk

regions as well as lateral abutments of myocytes. Fig. 3B
shows the proportion of total cell area occupied by the Cx43-
immunoreactive signal obtained from the MI and MI+THIR
groups. The irradiation resulted in a significant increase in
Cx43 immunoreactive signals of 76%.

3.3. Expression of Cx43 mRNA and protein in the LV
myocardium

The Cx43 mRNA level by a real-time PCR assay inthe C+
THIR specimens was significantly larger than that in Control
specimens (by 18%) (Fig. 4A). The level in MiIs, in contrast,
decreased significantly compared with Controls (by 33%).
Irradiation of MI rabbits (MI+THIR) reversed the.down-
regulation of Cx43 mRNA and increased by 88% compared
with ML

Cx43 protein amounts were estimated by Western blotting
(Fig. 4B). The Cx43 antibodies recognized two bands migrat-
ing between 42 and 47 kDa. The Cx43 immunoblot signals
were quantified by densitometry, and the intensity was nor-
malized to that of a-tubulin on the same membrane. Irra-
diation of control rabbits (C+THIR) caused a significant
increase in the total amount Cx43 protein by 88% compared
with Control animals. In MI rabbits, the total Cx43 protein
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Fig. 3. Immunostained Cx43 gap junctions in the LV myocardium of rabbits with non-transmural M1. A, Left, a section from an MI heart; right, a section from a
heart from M1+ THIR. All images are single optical slices. Scale bar is 100 um in panels (a) and (b), and 20 pm in panels (c) through (h). B, The proportion of
total cell area occupied by Cx43 immunoreactive signal. Average values of 5 fields in each sample was obtained, and then means=SD of the values were
calculated for each 6 samples. Data were obtained from 12 rabbits (6 in each group). #P<0.05 vs. ML

levels significantly decreased compared with Controls (by Jower molecular weight bands separately, which correspond
95%), and irradiation of MI rabbits (MI+THIR group) to phosphorylated (P) and non-phosphorylated (NP) isoforms
increased the level by 133% in comparison with unirradiated of Cx43, respectively. Irradiation caused appreciable increases

MI rabbits. We also estimated the density of the higher and in both Cx43-P and Cx43-NP in Control as well as in Ml
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Fig. 4. Cx43 mRNA and protein Jevels. A, Cx43 mRNA levels were estimated by a real-time PCR and normalized to GAPDH. Top: Representative Cx43 PCR
amplification plots for reactions. Change in fluorescence signal (ARn) is plotted against cycle number. Bottom: Cx43 mRNA levels normalized to GAPDH
mRNA. Values are means=SD of each 5 rabbits in the 4 animal groups. B, Cx43 protein Jevels were estimated by Westem blotting and normalized to a-tubulin.
Values are means=SD of each 5 rabbits in the 4 animal groups. *P<0.05 vs. Control. #P<0.05 vs. ML
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rabbits. There were no significant differences among the four
groups in the averaged ratio of P/NP (Control, 0.60; C+THIR,
0.84; M1, 1.00; MI+THIR, 0.96). Taken together, heavy-ion
irradiation caused significant up-regulation of both mRNA and
total protein levels of Cx43 in contro! as well as in MI hearts.

3.4. In-vivo electrophysiology

Fig. 5B illustrates representative AT and AR] maps on the
LV anterior surface during the sinus rhythm (heart rate 197—
238 bpm). In a Control rabbit, the activation proceeded quickly
from paraseptal to lateral direction; TAT in the mapped area
was 12 ms. ARIs were almost uniform, giving rise to a small
ARID of 17 ms. In a C+THIR rabbit, the activation proceeded
similarly (TAT 10 ms), but ARIs were homogeneously
prolonged with ARID of 18 ms. In an Ml rabbit, the activation
proceeded much more slowly (TAT 32 ms). The ARI map
showed tremendous regional variation, and ARID was
increased up to 32 ms. In an MI+THIR rabbit, the AT map
showed faster propagation (TAT 14 ms), and ARIs were more
homogeneous than MI, causing less ARID (21 ms).

417

Data obtained from the 4 groups are summarized in Table 1.
TAT was unchanged in C+THIR, but increased significantly
in Ml (by 89% from Control). The TAT in MI+THIR was
significantly less than M1 (by 42%), suggesting a reversal of

_the conduction delay. Both RI and ARI were significantly
increased in C+THIR (by 10% and 11%, respectively). Ml
caused an appreciable prolongation of RT without affecting
ARI compared with Control. In MI rabbits, RT and ARI were
increased moderately after irradiation (MI+THIR), but the
differences did not reach a statistical significance. In control
rabbits, ARID was unaffected by imadiation. MI caused a
significant increase in ARID (by 81%), and irradiation
reversed the change.

Anisotropic conduction properties in the epicardial sur-
face were examined in the 4 animal groups under constant
pacing (cycle length of 200 ms) (Fig. 5C, D). In Control, the
activation front proceeded at the highest speed in a direction
parallel (longitudinal, L) to the subepicardial fiber orientation
and at the slowest speed in a direction perpendicular to that
(transverse, T). The isochrones showed an elliptical activa-
tion pattern. In the heart from a C+THIR rabbit, the elliptical
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Fig. S. Epicardial LV potential mapping. A, Sixty four monopolar electrodes were arranged as an 8 x 8 aray to acquire the signals. Activation time (AT) at the
recording site was identified by the initial sharp negative deflection (min d¥/dr) of QRS. Recovery time (RT) was identified by the maximum upstroke slope
(max d¥/d/) of T wave. The time difference between AT and RT in each electrogram was measured for activation-recovery interval (ARI). B, Representative
maps of AT and AR during sinus thythm. Total activation time (TAT) was measured from the maximal difference of AT. The dispersion of ARl (ARID) was
estimated by the standard deviation of AR at 64 clectrodes. C, Anisotropic conduction properties were examined under constant pacing from the top middle of
the electrode amay. A line for longitudinal (L) propagation was drawn from the pacing site to the outer edge of the map, so as to cross the most widely spaced
isochrones. A second line for transverse (T) propagation was drawn perpendicular to the first one. D, Representative maps of AT during the constant pacing.
Conduction velocity in L and T direction (CVy, CVy) were measured from the isochrone maps.
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418
. Table 1
In-vivo electrophysiology
Control C+THIR Mi MI+THIR
(n=5) (n=5) (n=5) (n=5)
<Sinus rhythm>
TAT (ms) 8.7+1.8 81x1.3 16.4£7.7* 95+2.7"
ARI (ms) 14210 157+ 5* 146418 160+ 8*
RT (ms) 15010 1654 6* 16221* 169+ 8*
ARID (ms)  16.6x4.4 19.314.6 30.0:14.5*  18.8x4.5"
<Paced >
CVL (m/s)  0.66£0.14  0.72£0.18  0.4820.10*  0.61+0.06"
CVr(m/s) - 0.45£0.04  0.67£020*  034x0.10*  0.51x0.09"
LT 1.47£0.19  1.122035*  1.54%0.61 1.22£0.19

Electrophysiological recordings were made in control rabbits without
irradiation (Control, n=35), control rabbits after irradiation (C+THIR, n=5),
myocardial infarction (MT) rabbits without irradiation (M1, n=5), and M]
rabbits after irradiation (M1+ TRIR, n=5). Data were obtained either during
sinus thythm or under constant pacing at a cycle length of 200 ms. Values are
means+ SD. TAT, total activation time; RT, recovery time; ARI, activation-
recovery interval; ARID, dispersion of AR}, CVy, conduction velocity in
Jongitudinal direction; CV+, conduction velocity in transverse direction; L/T,
anisotropic ratio of the conduction velocity. *P<0.05 vs. Control, "P<0.05
vs. ML

pattern was less marked (more circular) because of
acceleration of T propagation. In the heart from an MI rabbit,
both L and T propagations were slowed down compared to
Control, and the elliptical shape was slightly enhanced. In an
MI]+THIR rabbit, the activation pattern was more circular
compared with MI alone, because of an acceleration of T

propagation, which was more remarkable than the acceler-
ation of L propagation. CVs in L and T directions (CVy, CVr)
are summarized in Table |. In control rabbits, irradiation
caused a significant increase only in CVr (by 49%), resulting
in a significant decrease of the anisotropic ratio (L/T). In Ml
rabbits, both CV; and CVy were decreased compared with
Control. lrradiation to MI rabbits (MI+THIR) caused
significant increases of both CV and CVy, but the change
in CVy (by 50%) was larger than that in CVp (by 27%),
resulting in a2 moderate reduction of L/T.

VT/VF induction was attempted by programmed stimu-
lation in each 5 rabbits from the 4 animal groups. Repre-
sentative ECG records in a Control, an MI and an M1+ THIR
rabbit are shown in Fig. 6A. Fig. 6B shows AT maps of 2
sequential beats during the VT/VF documented from the MI
and MI+THIR rabbits. Fig. 6C summarizes the VT/VF
incidence. In Control and C+THIR, no VT/VF was induced.
In MJ, 2 VF and 2 VT (one sustained >30 s, the other non-
sustained) were induced. In MI+THIR, only one non-
sustained VT (NSVT) was induced. Activation patterns
during the NSVT were much more homogeneous than that
during VF documented in MI rabbits (Fig. 6B).

3.5. Safety of irradiation
In both control and MI rabbits, THIR did not affect the

hemodynamic parameters in echocardiography 2 weeks after
the irradiation. The LV function in MI hearts was inhibited

A. TELT T

: w1
Control I~ ' }

) ) '
~ \f\L'\. -JJ,r\I Lad A, /\,’r’\lr'\)./\}p\;\).:\l,_,\; A;/JJ\J./\}A.L\

1% ]

w

£

M NN

i o b : bpowfial Yadts
i/ ,/ ‘.'u\f P Rl 3’-,—/‘-\.':_:’.(- W /}—vfi':‘,/,"l\_‘ 10 "U'/ Ve A _,:-,",’ ; e
cd- )

]

vy

k4

5
£
o=
ra
=

MI+THIR K‘J | il A AL A S
L
S1 S24 1sec
B. AT map of two sequential beats during VT/ VF
<Mi>__ <MI+THIR >__
allg b c I d |

i ]

C. Incidence of VT/ VF elicited by programmed stimulation

NSVT SVT VF Vulnerability
Control (n=5) 0 0 0 C0/5
C+THIR (n =5) 0 0 0 0/5
M (n=5) 1 1 2 4/5
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Fig. 6. Induction of VT/VF by programmed stimulation under norepinephrine infusion (0.1 pg/kg/min, i.v.). A, Representative ECG recordings in Control, M1
and MI+THIR rabbits. Following 5 basic stimuli (ST) at a cycle length of 200 ms, triple extra stimuli (S2-S4) were applied at progressively shorter coupling
intervals. B, AT maps of two sequential beats during the VF and VT episodes in the M1 and M1+ THIR rabbits as presented in A. C, Incidence of VT/VF elicited
by the programmed stimulation. SVT: sustained VT (>30 s), NSVT: non-sustained VT (<30 5). VFs were all sustained.
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significantly compared with Control, and the irradiation did
not ameliorate the hemodynamic parameters (online data
supplement). Blood cell counts and chemistry were unaf-
fected by the irradiation. However a circumscribed loss of
hair began to appear on the left anterior chest soon after
iradiation and remained for a year.

4. Discussion
4.1. The novel findings

Immunoreactive Cx43 fluorescent signals of MI hearts
were reduced and disorganized notably. In addition, the Cx43
mRNA level and the amount of Cx43 protein in LV tissue,
which were estimated by a real-time PCR and Western
blotting, respectively, were markedly reduced in MI hearts.
Most of these changes were reversed 2 weeks after THIR. In-
vivo 64Map revealed that a reduction of CV in MI hearts was
reversed by THIR. An increase of ARID in MI hearts was
reversed by THIR. An increase of vulnerability for VI/VF
induction by programmed stimulation in MI hearts was also
reversed by THIR. All of these observations can be inter-
preted most likely by an improvement of electrical coupling
. of cardiac myocytes, causing a smoother propagation- of
excitation and homogeneous repolarization in the ventricle
after M1.

Achieving up-regulation of Cx43 in the myocardium
might be a target for novel antiarrhythmic therapies. The use
of radiation to up-regulate the decreased Cx43 in diseased
hearts has never been considered. Radiotherapy might be one
of the only potential approaches for future therapeutic stra-
tegy through achieving an increase in the electrical coupling
of cardiac cells via the up-regulation of GJs.

4.2. Functional consequences of Cx43 up-regulation and
lateralization .

In normal as well as in MI hearts, THIR caused up-regu-
lation of Cx43 and an increase of Cx43 distribution at the
lateral cell abutments (lateralization). These changes would
have a variety of functional consequences. The activation
maps under constant pacing showed that the irradiation
increased CVs and the effect was greater in T than L propa-
gation, giving rise to a reduction of the anisotropic ratio (L/T).
This observation suggests that Cx43 up-regulated and dis-
tributed more laterally may form functional GJs even though
Cx43 was dissociated from cadherin. In rat atria in which
atrial fibrillation (AF) was induced by 24 h of rapid pacing,
Polontchouk et al. [13] showed up-regulation and marked
lateralization of immunoreactive Cx43, like in human AF
patients. The Cx43 remodeling was associated with a greater
increase of CVy than CVp, resulting in a reduction of the
anisofropic ratio. In experiments using isolated normal
ventricular myocardium, pharmacological uncoupling of
GJs (by heptanol or palmitoleic acid) was shown to cause
greater inhibition of T propagation than L propagation

[14,15]. A higher susceptibility of T propagation than L
propagation in response to GJ uncoupling was also demon-
strated in a computer simulation [16]. Accordingly, the total
up-regulation of Cx43 by THIR could also contribute to the
preferential improvement of T propagation.

It appears that lateralization of gap junctions is a
prominent feature of diseased hearts, including a variety of
ischemic and hypertrophic cardiomyopathies {1,16]. Func-
tional implication of this feature is variable. In experiments
using aged rabbits, Dhein and Hammerrath [17] found
reduced CVyand enhanced anisotropy (CV ) was preserved).
Those changes were associated with prominent increase of
fibrosis separating myocardial cells and lateralization of
Cx43. The extensive fibrosis might have offset the effects of
Gl lateralization. Alternatively, the displaced Cx43 GJs could
be degraded and non-functional [1]. Since we used young
rabbits in the present study, the control hearts with and
without THIR had no appreciable collagen strands separating
myocardial fibers. In MI hearts, in.contrast, there existed
substantial amounts of fibrosis at the regions of patchy
infarction. Despite of such fibrosis, THIR improved the T
propagation.

As to the role enhanced GJ lateralization in arrhythmo-
genesis, there are 2 possibilities. If the GJs function normally,
they would ameliorate the inhibition of T propagation
resulting from functional and structural uncoupling of cardiac
cells, and may reduce the risk for microscopic anisotropic
reentry based on the extremely slow T propagation [18,19]
and the lateral inhomogeneity of repolarization. The present
results seem consistent with this prediction. If the lateral GJs
are degraded and non-functional, the conductivity and
electrical homogeneity of the heart will be hampered by the
dislocation in favor of reentrant excitations. In a simulation
study using a two-dimensional model of myocardial cell
architecture, Spach and Heidlage [20] suggested the
stochastic nature of normal propagation at a microscopic
level based on the normal polar distribution of GJs provides a
considerable protective effect against arthythmias by rees-

_ tablishing the general trend of wave-front movement after

small variations in excitation events occur.

Cx43 is a phosphoprotein, and phophorylation/dephos-
phorylation of Cx43 plays important roles in the regulation of
Cx43 protein tumnover dynamics (trafficking, plaque assem-
bly, disassembly and degradation) as well as GJ channel
gating properties [21]. We estimated the relative expression
of P and NP isoforms of Cx43 from 2 bands recognized in
Western blotting. The results may suggest that THIR
increases both Cx43-P and Cx43-NP without affecting their
P/NP ratio. However, more extensive Western blots using
isoform-specific Cx43 antibodies will be required to resolve
the issue.

4.3. Mechanisms of Cx43 up-regulation by irradiation

In the field of oncology, it has been demonstrated in many
in-vitro and in-vivo studies that intercellular communication
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is enhanced by photon [2,3] or ionizing radiation [22,23] via
up-regulation of Cx43 Gls at mRNA and protein levels. The
increase of intercellular communication is believed to play an
important role for the enhancement of radiation-induced
effects such as modulation of gene expression, mutagenesis
and cell survival (bystander effect) [24-26]. As to the mole-
cular mechanisms responsible for the radiation-induced Cx43
up-regulation, the information available is still limited. Using
deletion and site-directed mutagenesis analyses in human
fibroblasts and HeLa ceils, Glover et al. have demonstrated
that 2 consensus sites, nuclear factor of activated T-cells
(NFAT) and activator protein (AP1), are responsible for the
major activation of the Cx43 promoter in response to low
doses of ionizing radiation [23] A similar molecular mecha-
nism could be involved in the THIR-induced up-regulation in
mammalian cardiac cells, but the issue remains to be
investigated.

4.4. What other methods could be considered to achieve
similar results?

Several procedures have been proposed by previous in-
vestigators to increase the electrical coupling of ventricular
myocytes through an increase of Cx43 protein. Those include
endothelin-1, angiotensin-I1, thyroid hormones, AAP10 and
nitrofen [27-30). As to the therapeutic challenge to amelio-
rate arthythmogenic substrates, however, all of these pro-
cedures have significant limitations in their clinical feasibility
because of their low efficiency, undesirable cardiovascular
and other side effects. We believe that THIR might be the first
clinically feasible procedure, although further experimental
studies using large animals will be required to substantiate
this proposal.

4.5. Limitations

1) Because the rabbit heart is smaller and the heart rate is
faster than human, higher irradiation accuracy was demanded
in the present study. 1t was practically difficult to synchronize
the heart motion completely to correspond to the radiation
release. In addition to the targeted anterolateral LV free wall,
other regions of LV might have been subjected to the
irradiation. 2) The time dependent expression of Cx43 and
the minimum irradiation energy for the appearance of the first
antiarthythmic effect were not examined.

5. Conclusion

Heavy-ion energy increases Cx43 expression of the
ventricle in MI rabbits and consequently improves the
conductivity, decreases the spatial heterogeneity of repolar-
ization, and reduces the VT/VF vulnerability. Targeted
heavy-ion irradiation to the heart could have the potential
to become a new antiarthythmic preventive therapy for Ml
patients through the restoration of cell-to-cell electrical
coupling.
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The plasma membrane Na*/H* exchangers (NHE)
require calcineurin B homologous protein (CHP) as an
obligatory binding partmer for ion transport. Here, we
report the first crystal structure of CHP (CHP2 isoform)
in complex with its binding domain in NHE1. We show
that the cytoplasmic a-helix of NHEL1 is inserted into the
hydrophobic cleft formed by N- and C-lobes of CHP2 and
that the size and shape of this crevice together with
hydrogen bond formation at multiple positions assure
a high degree of specificity for interaction with NHE
members. Structure-based mutagenesis revealed the im-

portance of hydrophobic interactions between CHP/NHE1 -

for the function of NHE1. Furthermore, the crystal struc-
ture shows the existence of a protruding CHP-unique
region, and deletion of this region in CHP2 inhibited the
NHEL1 activity by inducing the acidic shift of intracellular
pH dependence, while preserving interaction with NHE1.
These findings suggest that CHP serves as an obligatory
subunit that is required both for supporting the basic
activity and regulating the pH-sensing of NHE1 via inter-
actions between distinct parts of these proteins.

The EMBO Journal (2006) 25, 2315-2325. doi:10.1038/
sj.emboj.7601145; Published online 18 May 2006

Subject Categories: membranes & transport; structural
biology

Keywords: calcineurin homologous protein; crystal structure;
Na*/H* exchanger; pH regulation

introduction

Maintenance of intracellular pH (pH;), Na® concentration,
and cell volume is crucial for all living cells to survive and to
ensure a variety of cellular functions, such as cell metabolic
processes, muscle contraction, secretion, and higher-order
brain activity. The Na*/H™ exchanger (NHE) is an impor-
tant transporter regulating such ionic homeostasis and cata-
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lyzing the electroneutral countertransport of Na* and H*
through the plasma membrane and other intracellular orga-
nellar membranes in various animal species (Wakabayashi
et al, 1997; Counillon and Pouyssegur, 2000; Putney et al,
2002; Orlowski and Grinstein, 2004; Zachos et al, 2005). Of
the nine different NHE isoforms identified to date (NHE1-
NHE9), the ubiquitous isoform NHE1 has been studied most
extensively. NHE1 is known to be activated rapidly in res-
ponse to various extracellular stimuli, such as hormones,
growth factors, and mechanical stressors (Wakabayashi
et al, 1997; Orlowski and Grinstein, 2004). Such activation
of NHEL1 is often linked to various diseases. For example,
elevated NHE1 activity is thought to be a risk factor causing
heart failure and hypertrophy, as evidenced by the remark-
able protective effects of specific inhibitors (Karmazyn, 2001;
Engelhardt et al, 2002). Regulation of NHEI1 is thought to
occur through interaction of multiple signaling molecules
with the carboxy! (C)-terminal cytoplasmic domain of
NHE1 and subsequent conformational change of the
amino (N)-terminal transmembrane domain responsible for
catalyzing NHE (see Figure 1A for membrane topology).
Importantly, this regulation of NHEl is attributable to a
change in the affinity for intracellular H*. A previous bio-
chemical experiment using membrane vesicles suggested that
the exchangers possess a cytoplasmic ‘H* -modifier’ or ‘pH-
sensor’ site(s), distinct from the H* -transport site (Aronson
et al, 1982; Wakabayashi et al, 2003a). The exchangers were
thus considered to be activated through conformational
changes caused by protonation of this regulatory site. Our
recent study, using cells expressing NHE isoforms (NHE1-3)},
further supported this concept by measuring the reverse reac-
tion of exchange (Na™ efflux) (Wakabayashi et al, 2003a).
However, another recent study reported an allosteric model
with no additional H " -modifier site to explain the sigmoidal
cytosolic H* dependence (Lacroix et al, 2004).

Of the signaling molecules that interact with the exchan-
ger, calcineurin B (CNB) homologous protein (CHP) is parti-
cularly important. CHP was initially identified as a protein
(p22) involved in vesicular transport (Barroso et al, 1996)
and that interacts with NHE (Lin and Barber, 1996). CHP is a
Ca?*-binding protein with EF-hand motifs and is myristoy- -
lated at the N-terminus (Gly2) (Barroso et al, 1996; Lin and
Barber, 1996). To date, three CHP isoforms with different
tissue expression patterns have been identified in mamma-
lian tissues. While CHP1 is expressed ubiquitously in virtu-
ally all tissues, the expression of CHP2 is restricted to cancer
cells (Pang et al, 2002) and the small intestine (Inoue et al,
2003), and that of CHP3 (also called tescalcin) is restricted to
the heart, brain, stomach, and testis (Mailander et al, 2001;
Perera et al, 2001; Gutierrez-Ford et al, 2003). Previously, we
reported that CHP (at least CHP1 and CHP2) is an essential
cofactor supporting the physiological activity of the plasma-
lemmal NHE by interacting with the juxtamembrane cyto-
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Figure 1 Sequence alignments of CHP and its binding domain in NHE isoforms. (A) Membrane topology model of NHEL. NHE]1 consists of the
N-terminal transporter domain with 12 transmembrane domains (TM) and a long C-terminal regulatory domain. Six extracellular (EL) and five
intracellular loops (IL) are mapped. CHP binds to the juxtamembrane cytoplasmic domain. Arg440 was identified as an important residue for
NHET1 regulation. (B) Amino-acid sequences for human NHE1-NHES5 (Genbank Accession Numbers: NM_003047, NM_003048, NM_004174,
NM_177084, and NM_004594, respectively) are aligned together with sequence of CNB-binding region in CNA (Q08209). Hydrophobic residues
involved in interaction with CHP or CNB are highlighted in green. Residues in NHEI forming hydrogen bonds with CHP2 are shown in red.
(C) Amino-acid sequences of CHP1/2 and CNB (Q99653, Q9D869, and P63098). Secondary structural elements are based on the structure of
CHP2/NHE1-peptide complex. Loops of four EF-hands are shown by green boxes, but EF1 and EF2 are ancestral sites that do not coordinate
ca®™. Hydrophobic residues involved in interaction with NHE1 or CNA are hxghhghted in blue and red, respectively. Central CHP-unique
region is boxed. Residues in CHP2 forming hydrogen bonds with NHE1 are shown in red.

plasmic domain of NHE1 to NHE3 {Pang et al, 2001, 2002).
CHP binding-defective mutant exchangers (NHE1-3) exhi-
bited low exchange activity (Pang et al, 2001) (5-10% of
the wild-type level) and greatly shifted the pH;-dependence to
the acidic side (Pang et al, 2004), suggesting that the juxta-
membrane region with bound CHP would therefore func-
tion as a key structure maintaining the physiologically
active conformation of NHE1. Recently, the crystal structure
of CHP1 was solved as a single polypeptide without the
target molecule (Naoe et al, 2005). However, this structure
did not provide information about the interaction(s) with
NHE.

To obtain insights into the molecular mechanisms of
the interaction(s) with NHE and regulation of NHE by CHP,
we determined the crystal structure of CHP (CHP2 isoform)
complexed with its binding region in NHE1. Herein, we report
that the o-helical CHP-binding region of NHE1 is inserted

2316 The EMBO Journal VOL 25 | NO 11 | 2006

into the hydrophobic cleft formed by residues in the N- and
C-lobes of CHP2 through strong hydrophobic interactions as
well as hydrogen bond formation. Structure-based mutational
analysis revealed that CHP may activate the exchanger by
associating its hydrophobic cleft and also regulate the pH-
sensing of NHEL1 via its central CHP-unique region connecting
the two lobes of CHP.

Results

Overall structure of CHP2 in complex with the
cytoplasmic binding region of NHE1

We crystallized the Hise-tagged human CHP2 (1-196) com-
plexed’ with its binding domain (aa 503-545) in NHEl
(referred to as CHP2/NHEl-peptide) in the presence of
yttrium, initially solved the structure by MAD phasing, and
refined the structure model to 2.7 A (Table I). Figure 2 shows

©2006 European Molecular Biology Organization
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Table I Data collection, phasing and refinement statistics

Crystal structure of CHPZ/NHE1 peptide
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High resolution data MAD
Data collection
Space group P4y P43
Cell dimensions
a, b, c (A) 49.96, 49.96, 103.2 49.96, 49.96, 103.2
a, B, v (deg) 90, 90, 90 90, 90, 90
Peak Inflection Remote
Wavelength 1.0000 0.7270 0.7266 1.0000
Resolution (A) 50-2.7 50-3.0 (3.11-3.00) 50-3.0 (3.11-3.00) 50-3.0 (3.11-3.00)
Ruerge” 4.8 (25.1) 0.084 (0.311) 0.073 (0.297) 0.072 (0.330)
I/oP 17.3 (4.5) 14.9 (4.1) 15.9 (5.0) 15.8 (3.6)
Completeness (%)® 97.3 (83.1) 98.5 (87.5) 98.5(87.5) 97.8 (80.9)
Redundancy® 4.0 (3.1) 7.2 (5.6) 7.3 (5.7) 7.1 (5.3)
Re ; .
Resolution (A} 50-2.7
No. reflections 6746
Rwork/Riree 0.218/0.287
No. atoms
Protein 1674
Ligand/ion 2
B-factors
Protein 72.5
Ligand/ion 70.5
R.m.s. deviations
Bond lengths (A) 0.005
Bond angles (deg) 1.00
Ramachandran plot (%)
Favorable 87.2
Allowed 12.8
Generously allowed 0
Disallowed 0

"Renerge = Yonxt 2 ili(RKY) — CIChKD) Y1/ " paa 3¢ I{hkD), where [(hkl) is the ith intensity measurement of reflection hkl, and (I(hkl}) is its

_ average.

PHighest resolution shell is shown in parentheses.

E99

Figure 2 Stereo view of the CHP2/NHE1-peptide complex showing the overall structure. N- and C-lobes of CHP2 are colored red and blue,
respectively. The NHE1 peptide is colored green. Pink spheres represent the two yttrium ions coordinated by EF3 and EF4.

the overall structure of the complex CHP2/NHEl-peptide.
The structural model contains 181 amino acids from CHP2
(1le11-Glu99 and Lys105-Lys196), and 25 amino acids from
NHE1 fragment (Arg516-His540). The polypeptide chain
of CHP2 with dimensions of 55 x 47 x 284 is folded into
two globular domains (N- and C-terminal lobes) composed
of 12 a-helices (¢1-a12) and four short B-strands (B1-p4).
Two Y3* ions were found to associate with EF3 and EF4

©2006 European Motecular Biology Organization

in the C-lobe (Figure 2), consistent with biochemical data
showing the high-affinity binding of Y>* (~1nM) to CHP2
(Supplementary Figure 1). The overall structure of CHP2 is
close to the Ca?*-bound form of NHE-free CHP1, which was
solved recently (Naoe et al, 2005; Supplementary Figure 2).
Indeed, the distances between metal ions and coordinating
oxygen atoms are almost the same for Y3+ in CHP2 (2.38+
0.2A) and Ca®* in CHP! (2.40+0.1A). In addition, the

The EMBO Journal VOL 25 | NO 1112006 2317
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"Y?>*.bound form of CHP2 preserved the ability to interact
with the full-length NHE1 (Supplementary Figure 1). There-
fore, we consider our solved structure compatible with the
Ca’*-bound form of CHP2. The overall structure of CHP2 is
also similar in folding topology to the structures of other
EF-hand-containing proteins, including CNB (Kissinger et al,
1995), K*-channel interacting protein (KChIP1) (Zhou et al,
2004; Supplementary Figure 2), AtCBL2 (Nagae et al, 2003),
NCS-1 (Bourne et al, 2001), neurocalcin (Vijay-Kumar and
Kumar, 1999}, and CIB (Gentry et al, 2005). A common
structural feature of these proteins is that they all have four
EF-hands in pairs such that EF1 and EF2 form the N-lobe and
EF3 and EF4 form the C-lobe. However, some local differ-
ences were observed between CHP2 and CNB or between
CHP2 and KChIP1. For example, the orientation of EF-hand
a-helices is different among these molecules because of the
swiveling motion between the N- and C-lobes of each mole-
cule, although each pair of EF hands is relatively fixed via
hydrogen bonds. This may explain the incomplete super-
position between overall structures of CHP2 and CNB (root
mean square deviation, r.m.s.d. 1.7 A), in contrast to the rela-
tively good superposition between the N-lobes or between
the C-lobes themselves (r.m.s.d. 1.3 or 1.0 A, respectively).
Although CHP2 and CNB have about 36% identity in their
amino-acid sequences (Figure 1C), CHP2 coordinates two
Ca*>* ions in EF3 and EF4, unlike CNB capable of coordinat-
ing four Ca** jons in its four EF-hands (Kissinger et al,
1995). Lack of Ca®*-coordination in EF1 and EF2 would be
derived from significant deviation from the canonical EF-
hand sequence and resulting atypical structure, as described
previously in detail (Naoe et al, 2005).

1537 L1530 FS26 522

The most remarkable difference between CHP2 and other
calcium binding proteins is that the N- and C-lobes of CHP2
are linked by a long flexible region, which protrudes by a
length of about 14 A for the determined region (Figure 3A).
This domain, referred to as the CHP-unique region, was not
found in other Ca®*-binding proteins. Five residues, Thr100
to Lys104, were not assigned in the structure due to the
absence of their electron density map. Particularly, the region
from aa 93-108 did not make any contact with other regions
of CHP2. In addition, we found that the side chain oxygen
atoms of Asp95 in this region coordinate Y>* in the neigh-
boring molecule in the crystal and thus participate in stabili-
zation of this region. This observation explains why CHP2/
NHEI-peptide was crystallized only in the presence of Y3*.
These findings suggest that the CHP-unique region is very
flexible in aqueous solution. This is consistent with the find-
ing that this region was not seen in the structure of NHE-free
CHP1 (Naoe et al, 2005), which was solved in different
crystal packing.

Interaction between CHP2 and its binding domain

in NHE1

Structure determination of the complex revealed the orienta-
tion of CHP2 toward the cytoplasmic region of NHE1. The
N- and C-terminal halves of the cytoplasmic a-helix of NHE1
are inserted into the hydrophobic cleft in such a way that they
face the C- and N-lobes of CHP2, respectively (Figure 3A).
This cleft constitutes the region that traps the cytoplasmic
a-helix of NHE1 and maintains the stability of the complex by
means of hydrophobic interactions. The contact area between
CHP2- and NHE1 peptide is 1466 A2, which accounts for 13.0

F356 W352 V349

V368 M364 V357 L354 F350

Figure 3 Target specificity of hydrophobic cleft. (A-C) Surface features of CHP2, CNB, and KChP1 are presented together with a-helices of

target peptides, respectively. In CHP2, front {(upper) and side (lower) views are shown. The N- and C-lobes are colored light blue and light green,
- while the CHP-unique region is colored red. (D, E) Surface view of NHE1 (leff) and CNA (right) peptides, respectively. The upper panels

indicate the side facing outside the cleft and the lower panels represent the side facing the cleft. Hydrophobic residues are colored yellow.
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and 59.8% of the total surface areas, respectively, implying
that a large area is used for interaction between the
two molecules. The NHE1 peptide (Arg516-His540) solved
in this structure contains different hydrophobic residues,
all of which face toward the hydrophobic cleft of CHP2
(Figure 3D). Ne518, Nle522, Phe526, Leu527, and Leu530 are
accommodated into the cavity formed by hydrophobic resi-
dues provided mainly from the C-lobe of CHP2, whereas
Leu531, lle534, and lle537 are inserted into the cavity formed
mainly by the N-lobe of CHP2 (Figure 4A and B). All hydro-
phobic side chains of the NHE1 peptide, with the exception of
Ile518, make van der Waals contacts with side chain atoms
from many hydrophobic residues of CHP2. For example, side
chain atoms of Ile534 make van der Waals contacts with
those of Leu57, lle66, Phe?0, Val86, Leu87 Phe90, Tyril8, and
Nle192 of CHP2 (Figure 4C), while side chain atoms of Leu527
make interactions with those of Alall9, Leul8l, Vall8e,
Met184, and Met190 (Figure 4A). In addition to hydrophobic
interactions, hydrogen bonds strengthen the association bet-
ween CHP2 and NHE1 peptide. In the N-lobe of CHP2, the
guanidinium group of Arg30 makes hydrogen bonds with the
main chain carbonyl oxygen of Gly539, while the guanidi-
nium group of Arg34 makes hydrogen bonds with the main
chain carbonyl oxygens of Asp536 and Ile537 (Figure 4B).
These hydrogen bonds are very important for the C-terminal
end of the NHEL1 helix to fix to the edge of the hydrophobic
cleft of CHP2. The conserved Gly539 residue of NHE1 would

A M190 A11S

VR

1534
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allow the following cytoplasmic stretch to leave the cleft
by inducing clear bending of the NHE1 peptide (Figures 3A
and 4B). Several other hydrogen bonds are also formed. The
hydrogen bond between the imidazole group (N8) of His523
in NHE1 and the side chain oxygen of Tyr123 in CHP2 is
particularly interesting because it is the only polar inter-
action in the hydrophobic surface of the cleft (Supple-
mentary Figure 3). These polar interactions are important
to determine the specificity and orientation of CHP2 toward
the cytoplasmic o-helix of NHE1.

Although CNB and KChIP1 have similar hydrophobic clefts
(Figure 3B and C), their size and shape are clearly different
from those of CHP2. Interestingly, target peptides show
sequence features that just fit to their clefts. While NHE1
peptide shows a uniform distribution of hydrophobic residues
all facing toward the cleft of CHP2 (Figure 3D), CNA contains
more hydrophobic residues that face toward both the CNB
crevice and the outside (Figure 3E). In addition, CNA peptide
contains four aromatic residues (Phe346, Phe350, Trp352,
and Phe356) in the N-terminus, which are accommodated
in corresponding hydrophobic cavities in the C-lobe of CNB,
whereas NHE1-peptide contains only one aromatic residue
(Phe526) located in the central part of CHP2. These obser-
vations suggest that highly selective fitting of each peptide to
its carresponding crevices may be caused by differences in
the distribution of hydrophobic residues of the target peptides
and in the shape of the cleft formed by a-helices of EF-hands.

F526 | 1522

Figure 4 Closeup view showing the interaction between CHP2 and NHE1-peptide. (A} The NHE1-peptide backbone is shown in magenta,
while hydrophobic side chains are shown in yellow. The hydrophobic pocket surrounding Leu527 is marked in red. His523 of NHE1 and Tyr123
of CHP2 are marked in blue. (B) Closeup view showing interaction between the N-lobe of CHP2 and the C-terminus of NHE1-peptide. (C) lle534
is accommodated into the hydrophobic pocket produced by residues mainly in the N-lobe of CHP2.
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Effect of mutations on interaction between NHE1

and CHP2 in cells

The present structure indicated that the correct CHP-binding
domain of NHE1 consists of the region from aa 516-540,
extended by 10 residues toward the C-terminus of the region
{aa 510-530), as predicted previously (Pang et al, 2001). This
prompted us to mutate residues in this extended region of
NHEI interacting with the N-lobe of CHP2. We mutated the
lle534 and e537 residues of NHEL1 into charged residues (Lys
or Asp) and stably expressed these mutants in exchanger-
deficient PS120 cells. These mutants were expressed in the
plasma membrane (as indicated by the existence of surface-
expressed mature NHE! in Supplementary Figure 4). We
examined the interactions of these mutants with CHP2
by assessing whether stably transfected green fluorescent
protein (GFP)-tagged CHP2 was localized to the plasma
membrane. As shown in Figure SA, most of the CHP2 was
localized to the plasma membrane of cells expressing the
wild-type NHE1 but not in nontransfected PS120 celis (not
shown; see Pang et al, 2001), indicating a strong interaction.
Of note, in most cells expressing the wild-type NHE1 almost
no GFP-fluorescence was detected in the intracellular space
(Figure 5A), despite the accumulation of immature NHEI in
the intracellular membranes under forced expression (data
not shown), suggesting that CHP2 interacts predominantly
with mature NHE1 in the plasma membrane. This was further
confirmed by the finding that almost no immature NHE1
co-immunoprecipitated with CHP2 (Supplementary Figures 1
and 4). In contrast to the wild-type NHE1, the plasma
membrane localization of CHP2 was almost completely
abolished when transfected into cells expressing the NHE1
mutants, [534K, 1534D and I537K (Figure 5, and also D for
summarized data), indicating that these mutations drastically
reduced the affinity for interaction with CHP2.

Furthermore, as expected, the plasma membrane localiza-
tion of CHP2 was also markedly reduced in cells expressing
the wild-type NHEl when Leu87 or Tyrl18 of CHP2 was
changed to Lys (Figure 5C and D), indicating that these
mutants are not able to replace completely endogenous
CHP1 bound to NHE1l. As the expression of GFP-tagged
CHP2 was approximately 10-fold higher than that of endo-
genous CHP1 (data not shown), these results suggest that
these mutations would reduce the affinity for interaction with
NHE1 at least one-order of magnitude. Similar analysis was
performed with mutation of the Arg residues (Arg30 and
Arg34) in the N-terminal o-helix of CHP2. The plasma
membrane localization of CHP2 was abolished when these
two residues were simultaneously changed to Glu (Figure 5C
and D), while it was still partially preserved when either Arg
residue alone was changed to Glu. Similar results were also
obtained for the NHE1/CHP2 interaction in a co-immuno-
precipitation experiment (Supplementary Figure 4). Thus, the
hydrophobic and polar interactions involving these residues
would be important in determining the strong and highly
specific association between NHE1 and CHP2, Furthermore,
in addition to the C-lobe, the N-lobe of CHP2 plays a crucial
role in the tight interaction with NHEI1, suggesting that our
crystal structure reflects the interaction between native NHE1
and CHP2 molecules expressed in cells. On the other hand,
structure determination indicated the existence of a unique
protruding region in CHP2. In contrast to mutations of resi-
dues involving formation of the cleft, a mutant with deletion
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of this CHP-unique region (A94-104) was mostly localized
to the plasma membrane of cells expressing wild-type
NHE! (Figure 5C), indicating that deletion did not disrupt
the interaction of CHP2/NHEL. Hence, as also predicted from
structure, the CHP-unique region was not involved in the
interaction between CHP2/NHEL1. The 10 N-terminal residues
of CHP2 were also found not to be involved in the interaction,
as indicated by the plasma membrane localization of AN10
(Figure 5C}.

Functional consequence of mutations

We measured the NHE activity in cells expressing mutant
exchangers. Figure 6A demonstrates the pH;-dependence of
EIPA-sensitive 22Na*-uptake activity. While the wild-type
NHE! exhibited high **Na™ -uptake activity, with pK ~6.5
for pH; (Hill coefficient, ~1.7), the activity of mutant ex-
changers, 1534D, 1534K and Ile537, which lack CHP-binding
was very low (see Supplementary Table I for kinetic para-
meters). The inhibitory effect of the mutations was charac-
terized by changes in two parameters: (i} a drastic reduction
of maximal 2Na* -uptake activity (Vy,,) at acidic pH;, and
(ii) a large acidic shift of the pH;-dependence of uptake (> 0.6
pH units) (see Figure 64, inset for normalized activity). We
then compared the pH;-dependence of 2*Na *-uptake in cells
co-expressing NHE1 with GFP-tagged CHP2 or its deletion
mutant A94-104, which preserves interaction with CHP.
Interestingly, expression of A94-104 significantly shifted the
pH;-dependence of uptake towards acidic pH; (~0.2 pH unit)
without any change in V., while it preserved the coopera-
tive pH; dependence, with a Hill coefficient ~1.5 (Figure 6B,
see also inset for the sigmoidal internal H* dependence),
suggesting that the CHP-unique region is involved in regula-
tion of pH-sensing of NHEL. In general, the sigmoidal H*-
dependence has been interpreted as exhibiting involvement
of at least two H™*-binding sites: H*-transport and H*-
regulatory sites in NHE (Wakabayashi et al, 1997). To exam-
ine the effect of deletion of a CHP-specific region on the
H*-regulatory site, we measured the reverse reaction of
NHEI, that is, ¥Na™ efflux coupled to H*-influx. If we
assume that NHE1l catalyzes a counter-transport reaction
only involving the transport site, intracellular acidification
should result in inhibition of 2Na™* efflux due to cytosolic
Na*/H™ competition. In contrast to this thermodynamically
expected inhibition, modest acidification from 7.5 to 7.2
dramatically stimulated the rate of EIPA-inhibitable 22Na™*
efflux in cells co-expressing the wild-type NHE1 and CHP2
(Figure 6D), suggesting that protonation of H™ -regulatory
sites activated NHE1 (Figure 6C), as reported in detail,
previously (Aronson et al, 1982; Wakabayashi et al, 2003a).
Consistent with the acidic shift of pH;-dependence of **Na*
uptake, we observed that deletion of a CHP-unique region
significantly reduced the rate of Na* efflux (Figure 6D).
ElPA-sensitive fraction of *2Na™ efflux at pH; 7.2 during
the initial 3 min was reduced to ~30% upon expression of
A94-104, suggesting that the affinity of the H¥-regulatory
site for H* decreased upon deletion of this region.

Discussion

In the present study, we solved the first crystal structure of
the CHP2/NHEI1-peptide complex at 2.7 A. This structure pro-
vides detailed information regarding the interaction between
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Figure 5 Effects of mutations on the interaction between NHEI and CHP2 in cells. (A) Low magnification confocal images of cells
coexpressing GFP-tagged CHP2 and the wild-type (left) or 1537K (right) mutant exchangers. Inset shows the intensity profile of GFP
fluorescence along the dotted line in a marked cell. In most cells expressing the wild-type NHE1 but not I537K, strong fluorescent signals
were detected at the cell edge. (B) Subcellular localization of CHP2 expressed in cells. GFP-tagged CHP2 was coexpressed in cells stably
expressing the wild-type or mutant NHE1 variants and GFP-fluorescence was observed by confocal microscopy. (C) Subcellular localization of
mutant CHP2. GFP-tagged CHP2 mutants were expressed in cells stably expressing the wild-type NHE1. Eleven residues from Glu%4 to Lys104
of CHP2 were deleted in A94-104, while the 10 N-terminal residues from Met1 to Vall0 were deleted in AN10. For one control experiment, GFP-
tagged human CNB was expressed in NHE1-transfectants. (D) Summary data for membrane localization of GFP-tagged CHP2. Intensity profile
analysis was performed on confocal images as shown in {A). The number of cells with strong fluorescence signal at the cell edge (at least three
times more than the average of fluorescence in the internal cell region} was counted. Data are expressed as the mean +s.d. from 6-8 images
(total cell number analyzed, 99-341).

NHE1 and CHP: (i) the interaction with NHE1 occurs in a
hydrophobic cleft encompassing the N- and C-lobes of CHP2,
(i) this interaction occurs by extensive Van der Waals contact
between hydrophobic residues, as well as by some specific
hydrogen bonds, (iii) the interacting region of NHEL forms
an a-helix which bends at a conserved Gly539 and (iv) two
domains of CHP2 are connected by a large flexible CHP-
unique region. These features strengthened our previous

©2006 European Molecular Biology Organization

functional study (Pang et al, 2001, 2002, 2004) from structural
aspects and at the same time provided new information to be
addressed regarding the function of NHE1.

A unique feature of interaction between CHP and NHE
Structure comparison among Ca”* -binding proteins provided
valuable information regarding the target specificity of CHP1/
2 proteins. Although the crystal structure of CNB/CNA com-
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Figure 6 Effect of mutations on the exchange activity. (A), pH;-
dependence of ElPA-sensitive 2Na*-uptake in cells expressing
wild-type NHE1 (®) or CHP binding-defective mutants, I534D
(O), 1534K (A) and I537K (A). pH; was clamped at various values
with K*/nigericin. Data were fitted to Hill equations with the
kinetic parameters shown in Supplementary Table [ and plotted
after normalization by the maximal activity at pH;=5.4 {inset).
(B) pH;-dependence of EIPA-sensitive 2’Na*-uptake in cells co-
expressing wild-type NHE1 and GFP-tagged CHP2 (@) or deletion
mutant A94-104 of CHP2 (O). Data were fitted to Hill equations
with the kinetic parameters shown in Supplementary Table 1. The
22Na* -uptake activity was also plotted against intracellular H*
concentration up to 1 uM (inset). (C) Schematic drawing of >Na*-
efflux protocol. The efflux experiment was done in 2>Na ™ -loaded,
pH;-clamped cells at extracellular pH 7.4. At lower pH; 2Na* efflux
would be accelerated by H* binding to the regulatory site, while at
high pH; it would be inhibited by H* -release from the regulatory
site. (D) Time courses of *?Na™ efflux. Cells were loaded with
22Na* and at the same time pH;-clamped at pH; 7.5 or 7.2. After
removal of the radioactive solution, cells were exposed to the
nonradioactive solutions with or without 0.1 mM EIPA. Data are
expressed as the mean+s.d. of three determinations. Error bars
are sometimes smaller than symbol sizes.

plex (Kissinger et al, 1995) revealed a similar mode of
interaction through its hydrophobic groove, comparison
between the hydrophobic clefts of CHP2 and CNB showed
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several different structural features (Figure 3A and B). In
addition, there is a marked difference in the distribution
of hydrophobic residues between NHE1- and CNA peptides
(Figure 3D and E). Such local structural differences between
CHP2 and CNB, together with differences between target
peptide sequences, may explain the selectivity of CHP1/2
toward the NHE members and of CNB toward CNA, and
led us to predict that NHE1 may not be a target for CNB. In
fact, we observed that GFP-tagged CNB was not localized
to the plasma membrane when co-expressed with NHE1
(Figure 5C). On the other hand, since the C-lobe of KChIP1
is occupied by the al0 helix of itself (Figure 3C), KChIP1
associates with its target K™ -channel molecule only through
the N-lobe (Zhou et al, 2004). Crystal structures have been
also solved for several other Ca** -binding proteins belonging
to the NCS family: recoverin (Flaherty et al, 1993), NCS-1
(Bourne et al, 2001), neurocalcin (Vijay-Kumar and Kumar,
1999), AtCBL2 (Nagae et al, 2003), and CIB (Gentry et al,
2005). Although all these proteins have hydrophobic crevices
that would interact with the target molecules, the sizes
and shapes of these crevices are clearly different. In contrast
to calmodulin, which is able to interact with a variety of
proteins with broad specificity, target molecules for CNB and
NCS family proteins appear to be limited. Structural differ-
ences in the hydrophobic cleft together with highly specific
polar interactions would enable the diverse array of Ca®*
binding proteins belonging to these families to associate
selectively and tightly with the target molecules.

Of note, the N-lobe of CHP2 associates tightly with the
C-lobe within a large area (Figure 3A). The contact area
between the two domains is 1066 A2, accounting for 16.6
and 15.2% of the total surface areas of the N- and C-lobes,
respectively. Such interaction between the two lobes would
result in the formation of a rigid cleft structure independent of
the target peptide. In fact, the structure of the hydrophobic
cleft of CHP2 is very similar to that of target-free CHP1 (Naoe
et al, 2005). In addition, the N-lobe of CHP2 does not contain
the methionine residue that was suggested to produce plasti-
city allowing fine-tuning toward various target molecules
in calmodulin (Osawa et al, 1998). Therefore, NHE1-peptide
would enter the preformed cleft, rather than the interaction
being caused by a conformational change in the cleft. This
target-independent rigid structure would allow the CHP-
unique region to exert specific physiological functions,
beyond a role as a connecting linker. This is in contrast to
calmodulin the flexible liker region between the two domains
of which is known to act as a hinge when it recognizes
various target molecules (Zhang et al, 1995).

CHP1/2 is myristoylated and has two Ca’* ions. However,
these properties are different from those of other CNB
and NCS family proteins. Mutation of CHP1 that prevents
myristoylation has no apparent effect on plasma membrane
expression or the exchange activity of NHE1l. Therefore,
myristoylation of CHP1/2 would not be required for the
plasma membrane translocation of NHE1 or for the exchange
activity (Pang et al, 2001, 2004), in contrast to KChIP1 (An
et al, 2000). In addition, unlike recoverin, which undergoes
the Ca*>™* -myristoyl switch (Ames et al, 1997), the myristoyl
moiety of CHP1/2 would always be exposed outside the core
structure upon interaction with NHE1 and probably embed-
ded in the plasma membrane. Thus, the physiological func-
tion of myristoylation is still unknown. On the other hand,
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unlike many other Ca>* -binding proteins, only EF3 and EF4
of CHP1/2 are able to coordinate Ca?* ions. Removal of
Ca** with a Ca®*-chelator significantly reduced the inter-
action between NHE1 and CHP2 (Supplementary Figure 1)
and a double mutation of EF3 and EF4 of CHP1 abolished
the interaction with NHE1 (Pang et al, 2004). Furthermore,
the Ca?* affinity of CHP1 increases markedly {40-fold) upon
interaction with NHE1 (Pang et al, 2004). These findings
suggest that Ca®* -binding sites and the hydrophobic cieft are
structurally coupled, that is, the Ca®* -bound conformation of
EF-hands is required for the formation of the appropriate
structure of the hydrophobic cleft for the interaction with
NHEL. By analogy with calmodulin (Zhang et al, 1995), we
consider that Ca?* binding opens the hydrophobic pockets of
EF-hands so that the residues of the C-lobe can fit into the
hydrophobic cleft. However, such Ca®*-induced conforma-
tional changes of CHP1/2 bound to NHE1 would not occur
physiologically in cells, since the Ca®?* affinity for such
a complex would be extremely high, that is, Ky for Ca?*
(2~3nM) is much less than the physiological cytosolic
Ca’* concentration (0.1-1pM) (Supplementary Figure 1
and see also Pang et al, 2004). Hence, we suggest that
Ca®* bound to EF-hands plays a structural role in stabilizing
the hydrophobic cleft of CHP1/2. In the case of NHE1, Ca®*-
induced activation would take place on another Ca®*-
binding protein CaM, which binds to the middle of the
cytoplasmic domain of NHE1 (Bertrand et al, 1994;
Wakabayashi et al, 1994).

Implications for roles of CHP in NHE function
We demonstrated that Ile534 and [le537 in NHEI are critical
residues for interaction with CHP2 (Figure 5). Mutations of
these residues resulted in a disruption of NHE1 function, as
characterized by a drastic reduction of the maximal exchange
activity and a large acidic shift of the pH;-dependence of
exchange (Figure 6). This is consistent with our previous
findings obtained by simultaneous mutation of four hydro-
phobic residues (Phe526, Leu527, Leu530 and Leu531) of
NHEI1, substituted with Gln or Arg (Pang et al, 2001, 2004).
On the other hand, deletion of the CHP-unique region (A94-
104) significantly reduced the physiological exchange activity
by inducing an acidic shift of the pH;-dependence of >*Na™-
uptake (Figure 6B) and inhibited the rate of **Na* efflux
(Figure 6D), while preserving the maximal activity at acidic
pH; (Figure 6B), suggesting that this region functions as
an important segment controlling pH; by interacting with
NHE1. Based on these findings, we propose that CHP1/2
plays two important roles in the function of NHE1. First, CHP
functions as an obligatory subunit, which activates almost
non-functional NHE1 by tightly associating with its cyto-
plasmic domain via the hydrophobic cleft. This activation is
characterized by increases in both V,,,, and the H* -affinity.
Secondly, CHP would participate in the delicate pH; regula-
tion of NHE! through the CHP-unique region, which is
involved in modulation of the H* -affinity, but not V..
We predict that CHP may stabilize the structure of the
juxtamembrane domain by inducing a stable a-helix, thereby
preserving NHE!L in the functional conformation. Indeed,
circular dichroism measurements indicated that the CHP-
free, CHP-binding peptide has no secondary structure in
aqueous solution (data not shown), although we do not
exclude the possibility that this region is folded within the
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entire structure. On the other hand, the dominant-negative
effect of A94-104 raises the interesting possibility that it may
regulate the pH;-sensing by interacting with some regions of
NHE1. We observed that NHE! and CHP2 crosslinked with
each other through IL5 of NHE! and the CHP-unique region
(Supplementary Figure 5), suggesting that these regions in
the two proteins are located in accessible positions beneath
the membranes. Since, similar to A94-104 of CHP2, mutation
of Arg440 in ILS5 results in a large acidic shift of the pH;-
dependence of 22Na* -uptake and efflux (Wakabayashi et al,
2003a, b), we consider that IL5 would be one of targets for the
CHP-unique region. Although we do not have direct evidence,
IL4 may be another target region because mutation of Arg327
in IL4 has also been reported to lead to a similar functional
defect of NHE1(Lacroix et al, 2004). Activation of *Na*
efflux by cytosolic acidification predicted the existence of an
additional H™ -regulatory site(s) (Figure 6C and D; Aronson
et al, 1982; Wakabayashi et al, 2003a). This phenomenon
does not appear to be fully explained by the recent allosteric
model, in which only H*-transport sites are assumed to
participate in the cooperative H7Y-activation of NHEI]
(Lacroix et al, 2004). We speculate that multiple charged
residues in loops of NHE], as well as in CHP1/2, may serve
as ‘pH-sensor’ sites, which accept protons, although further
investigation will be required to support this concept. The
recently reported crystal structure of the bacterial Na*/H*
antiporter, NhaA, predicted that modification of charged
residues provided by cytoplasmic loops may activate NhaA
by exposing the cation transport site via reorientation of
transmembrane helices (Hunte et al, 2005).

Finally, it should be noted that the relatively long juxta-
membrane domain (aa 503-595) of NHEL1 is essential for
the physiological exchange activity (Ikeda et al, 1997;
Wakabayashi et al, 1997), although we focused on the CHP-
binding domain in the present study. Similar to the CHP-
binding region, it is likely that the region covering aa 503-595
forms a stable structure by interacting with several accessory
factors. Indeed, this region appears to be structurally unstable
when expressed in Escherichia coli or in mammalian cells as
a single polypeptide, as evidenced by its rapid degradation
(unpublished observation), despite the fact that the whole
cytoplasmic domain can be easily expressed in these cells.
In addition, a previous study (Aharonovitz et al, 2000) indi-
cated that positively charged clusters (aa 509-516 and aa
552-560 in human NHE1) interact with polyphosphoinosides
(PIP;). These regions were also reported to interact with
ezrin, although interaction with ezrin is independent of the
exchange activity (Denker et al, 2000; Baumgartner et al,
2004). Furthermore, we recently reported that a region (aa
560-580) of NHEl may be involved in dimeric interactions
(Hisamitsu et al, 2004). Such homotypic interactions may
provide another way for stabilization of the structure, as
deletion of aa 560-580 resulted in a marked reduction of
exchange activity by inducing the acidic shift of pH;-depen-
dence (Hisamitsu et al, 2004). These findings raise the
possibility that multiple homotypic and heterotypic inter-
actions may induce stabilization of the juxtamembrane
region and thereby form a substructure regulating the
exchange activity. Clearly, CHP is an obligatory member in
such regulatory machinery of NHE1.

In summary, we first determined the crystal structure
of CHP2 complexed with its binding region in NHE1 and
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clarified the mechanism by which CHP tightly and specifi-
cally associates with plasma membrane members of the NHE
family. Structure-based mutagenesis revealed the physio-
logical importance of CHP in pH; regulation by NHE1. Most

*-binding proteins have long been recognized to function
as Ca®* -sensors or Ca®* -buffers. In contrast to this general
understanding, CHP does not appear to be a Ca?* -sensor, but
rather acts as a critical regulator of pH-sensing activity in the
exchangers, presumably mediated by the CHP-unique region.
The results of the present study cast new light on a unique
function of CHP that was not reported in other canonical
EF-hand Ca’* -binding proteins.

Materials and methods

Protein expression and purification

The complex of human full-length CHP2 (aa 1-196) with its binding
region (aa 503-545) in NHE1 was expressed and purified essentially
as described previously (Pang et al, 2004; Ben Ammar et al, 2005).

Crystallization and data collection

Crystals of the complex CHP2/NHEl-peptide were grown using
the sitting-drop vapor diffusion technique at 20°C. To obtain the
best crystal quality, 1.5 pl of the protein complex solution contain-
ing 20 mM vyttrium chloride was mixed with 1ul of the reservoir
solution containing 200 mM ammonium acetate, 100 mM Bis-Tris,
pH 5.5, and 25% (w/v) PEG 3350 as described previously (Ben
Ammar et al, 2005). Crystals were not obtained without adding
yttrium chloride to the crystallization solution, suggesting that
yttrium ion(s) were involved in crystal packing. Therefore, taking
advantage of the yttrium ion(s) in the crystal, we collected multiple
wavelength data sets around the absorption edge of the yttrium
atom at SPring-8 beamline BL44B2. A high-resolution single-
wavelength data set (A=1A) was collected at beamline BL41XU
at SPring-8. The statistics of the data collection are summarized
in Table 1.

Structural determination and refinement

The structure of the CHP2/NHE1-peptide complex was determined
by MAD phasing. The program SOLVE (Terwilliger and Berendzen,
" 1999) was used to determine two yttrium positions and the initial
phases with a figure of merit of 0.43 at 3.1 A resolution. The
program RESOLVE (Terwilliger, 2000) improved the phases and
produced the initial polyalanine model, which covered 65% of the
residues of the CHP2/NHE1-peptide complex. The model was built
with TURBO-FRODO and refined against the high resolution data
set to0 2.7 A using CNS (Brunger et al, 1998}, and subsequent rounds
of model building and refinement produced the final structural
model. The residues in the final model lie in 87.2% in the most
favorable and 12.8% in the additionally allowed regions of the
Ramachandran plot. Refinement statistics are summarized in
Table I. Figures 2-4 were generated using PyMOL graphing software

(http://www.pymol.org).

Construction of mammalian expression plasmids
The plasmid carrying the cDNA encoding NHE! containing unique
restriction sites cloned into the mammalian expression vector pECE
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was described previously (Wakabayashi et al, 1992). Construction
of plasmids for various NHE1 or CHP2 mutants tagged with GFP
or hemagglutinin (HA) epitope YPYDVPDYAS was carried out by
a PCR-based strategy as described previously (Wakabayashi et al,
2000). PCR fragments were digested and cloned into the appropriate
restriction sites of vectors pECE or pGEFP-N1 (Clontech, Palo Alto,
CA) for NHE1 or CHP2, respectively.

Cell culture and plasmid transfection

The exchanger-deficient cell line PS120 (Pouyssegur et al, 1984) and
corresponding transfectants were maintained in Dulbecco’s modi-
fied Eagle’s medium containing 25 mM NaHCO; and supplemented
with 5% (v/v) fetal calf serum. All c¢cDNA constructs were
transfected into PS120 cells with Lipofectamine 2000 (Invitrogen),
and stable clones for NHE] and its mutant constructs were selected
by repetitive H*-killing selection procedures as described pre-
viously (Wakabayashi et al, 1992). GFP-tagged CHP2 variants were
stably expressed in cells expressing various mutant NHE1 proteins
and fluorescence images were taken under a confocal fluorescence
microscope (BioRad).

Measurement of 2Na™* -uptake and “Na™* -efflux activities
2Na*-uptake activity was measured by the K*/nigericin pH;
clamp method as described previously (lkeda et al, 1997). Data
were simulated by fitting the values to the sigmoidal dose-response
equation, rate of EIPA-sensitive uNa*-uptake = Vmax/(1 +
100o8@K—PHI™)y (pK, pH; giving half maximal 2?Na* uptake; n, Hill
coefficient), using the simulation program included in Graphpad
Prizm (Microsoft Corp., Redmond, WA). **Na* efflux was
measured as described previously (Wakabayashi er al, 2003a).
Briefly, serum-depleted cells in 24-well dishes were loaded with
2Na* by preincubating them for 30 min at 37°C in chloride/KCl
medium containing 1 mM 22NaCl (37 kBg/ml) and at the same time
pH;-clamped at 7.5 or 7.2 in presence of 5puM nigericin.. The
radioactive solution was removed and #Na* efflux was initiated
by adding the nonradiocactive medium. At the times indicated in
figures, cells were rapidly washed four times with ice-cold PBS and
the remaining *Na-radioactivity in the cells was counted.

Coordinates
Coordinates and structure factor amplitudes have been deposited in
the Protein Data Bank with accession code 2BEC.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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