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The plasma membrane Naþ/Hþ exchangers (NHE)

require calcineurin B homologous protein (CHP) as an

obligatory binding partner 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 NHE1 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

NHE1 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.
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Introduction

Maintenance of intracellular pH (pHi), Naþ 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 Naþ/Hþ exchanger (NHE) is an impor-

tant transporter regulating such ionic homeostasis and cata-

lyzing the electroneutral countertransport of Naþ and Hþ

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 NHE1 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 NHE1 is thought to

occur through interaction of multiple signaling molecules

with the carboxyl (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 NHE1 is attributable to a

change in the affinity for intracellular Hþ . A previous bio-

chemical experiment using membrane vesicles suggested that

the exchangers possess a cytoplasmic ‘Hþ -modifier’ or ‘pH-

sensor’ site(s), distinct from the Hþ -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 (Naþ efflux) (Wakabayashi et al, 2003a).

However, another recent study reported an allosteric model

with no additional Hþ -modifier site to explain the sigmoidal

cytosolic Hþ 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

Ca2þ -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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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 pHi-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 a-helical CHP-binding region of NHE1 is inserted

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 NHE1 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 His6-tagged human CHP2 (1–196) com-

plexed with its binding domain (aa 503–545) in NHE1

(referred to as CHP2/NHE1-peptide) in the presence of

yttrium, initially solved the structure by MAD phasing, and

refined the structure model to 2.7 Å (Table I). Figure 2 shows

Figure 1 Sequence alignments of CHP and its binding domain in NHE isoforms. (A) Membrane topology model of NHE1. NHE1 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
NHE1 regulation. (B) Amino-acid sequences for human NHE1–NHE5 (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 NHE1 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
Ca2þ . Hydrophobic residues involved in interaction with NHE1 or CNA are highlighted in blue and red, respectively. Central CHP-unique
region is boxed. Residues in CHP2 forming hydrogen bonds with NHE1 are shown in red.

Crystal structure of CHP2/NHE1 peptide
Y Ben Ammar et al

The EMBO Journal VOL 25 | NO 11 | 2006 &2006 European Molecular Biology Organization2316



the overall structure of the complex CHP2/NHE1-peptide.

The structural model contains 181 amino acids from CHP2

(Ile11–Glu99 and Lys105–Lys196), and 25 amino acids from

NHE1 fragment (Arg516–His540). The polypeptide chain

of CHP2 with dimensions of 55� 47� 28 Å is folded into

two globular domains (N- and C-terminal lobes) composed

of 12 a-helices (a1–a12) and four short b-strands (b1–b4).

Two Y3þ ions were found to associate with EF3 and EF4

in the C-lobe (Figure 2), consistent with biochemical data

showing the high-affinity binding of Y3þ (B1 nM) to CHP2

(Supplementary Figure 1). The overall structure of CHP2 is

close to the Ca2þ -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 Y3þ in CHP2 (2.387
0.2 Å) and Ca2þ in CHP1 (2.4070.1 Å). In addition, the

Table I Data collection, phasing and refinement statistics

High resolution data MAD

Data collection
Space group P43 P43

Cell dimensions
a, b, c (Å) 49.96, 49.96, 103.2 49.96, 49.96, 103.2
a, b, g (deg) 90, 90, 90 90, 90, 90

Peak Inflection Remote

Wavelength 1.0000 0.7270 0.7266 1.0000
Resolution (Å) 50–2.7 50–3.0 (3.11–3.00) 50–3.0 (3.11–3.00) 50–3.0 (3.11–3.00)
Rmerge

a 4.8 (25.1) 0.084 (0.311) 0.073 (0.297) 0.072 (0.330)

I/sIb 17.3 (4.5) 14.9 (4.1) 15.9 (5.0) 15.8 (3.6)
Completeness (%)b 97.3 (83.1) 98.5 (87.5) 98.5(87.5) 97.8 (80.9)
Redundancyb 4.0 (3.1) 7.2 (5.6) 7.3 (5.7) 7.1 (5.3)

Refinement
Resolution (Å) 50–2.7
No. reflections 6746
Rwork/Rfree 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 (Å) 0.005
Bond angles (deg) 1.00

Ramachandran plot (%)
Favorable 87.2
Allowed 12.8
Generously allowed 0
Disallowed 0

aRmerge¼
P

hkl

P
i|Ii(hkl)�/I(hkl)S|/

P
hkl

P
i Ii(hkl), where Ii(hkl) is the ith intensity measurement of reflection hkl, and /I(hkl)S is its

average.
bHighest resolution shell is shown in parentheses.

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.
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Y3þ -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

Ca2þ -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), Kþ-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 Å), 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 Å, respectively).

Although CHP2 and CNB have about 36% identity in their

amino-acid sequences (Figure 1C), CHP2 coordinates two

Ca2þ ions in EF3 and EF4, unlike CNB capable of coordinat-

ing four Ca2þ ions in its four EF-hands (Kissinger et al,

1995). Lack of Ca2þ -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).

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 Å for the determined region (Figure 3A).

This domain, referred to as the CHP-unique region, was not

found in other Ca2þ -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 Y3þ in the neigh-

boring molecule in the crystal and thus participate in stabili-

zation of this region. This observation explains why CHP2/

NHE1-peptide was crystallized only in the presence of Y3þ .

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 Å2, which accounts for 13.0

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 (left) 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.

Crystal structure of CHP2/NHE1 peptide
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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). Ile518, Ile522, Phe526, Leu527, and Leu530 are

accommodated into the cavity formed by hydrophobic resi-

dues provided mainly from the C-lobe of CHP2, whereas

Leu531, Ile534, and Ile537 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, Ile66, Phe70, Val86, Leu87 Phe90, Tyr118, and

Ile192 of CHP2 (Figure 4C), while side chain atoms of Leu527

make interactions with those of Ala119, Leu181, Val186,

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 NHE1 helix to fix to the edge of the hydrophobic

cleft of CHP2. The conserved Gly539 residue of NHE1 would

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 (Nd) 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 a-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 corresponding 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.

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) Ile534
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

NHE1 interacting with the N-lobe of CHP2. We mutated the

Ile534 and Ile537 residues of NHE1 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 NHE1 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 5A, most of the CHP2 was

localized to the plasma membrane of cells expressing the

wild-type NHE1 but not in nontransfected PS120 cells (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 NHE1 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, I534K, I534D 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 NHE1 when Leu87 or Tyr118 of CHP2 was

changed to Lys (Figure 5C and D), indicating that these

mutants are not able to replace completely endogenous

CHP1 bound to NHE1. 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 a-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 NHE1, 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

of this CHP-unique region (D94–104) was mostly localized

to the plasma membrane of cells expressing wild-type

NHE1 (Figure 5C), indicating that deletion did not disrupt

the interaction of CHP2/NHE1. Hence, as also predicted from

structure, the CHP-unique region was not involved in the

interaction between CHP2/NHE1. 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 DN10

(Figure 5C).

Functional consequence of mutations

We measured the NHE activity in cells expressing mutant

exchangers. Figure 6A demonstrates the pHi-dependence of

EIPA-sensitive 22Naþ -uptake activity. While the wild-type

NHE1 exhibited high 22Naþ -uptake activity, with pK B6.5

for pHi (Hill coefficient, B1.7), the activity of mutant ex-

changers, I534D, I534K 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 22Naþ -uptake activity (Vmax) at acidic pHi, and

(ii) a large acidic shift of the pHi-dependence of uptake (40.6

pH units) (see Figure 6A, inset for normalized activity). We

then compared the pHi-dependence of 22Naþ -uptake in cells

co-expressing NHE1 with GFP-tagged CHP2 or its deletion

mutant D94–104, which preserves interaction with CHP.

Interestingly, expression of D94–104 significantly shifted the

pHi-dependence of uptake towards acidic pHi (B0.2 pH unit)

without any change in Vmax, while it preserved the coopera-

tive pHi dependence, with a Hill coefficient B1.5 (Figure 6B,

see also inset for the sigmoidal internal Hþ dependence),

suggesting that the CHP-unique region is involved in regula-

tion of pH-sensing of NHE1. In general, the sigmoidal Hþ -

dependence has been interpreted as exhibiting involvement

of at least two Hþ -binding sites: Hþ -transport and Hþ -

regulatory sites in NHE (Wakabayashi et al, 1997). To exam-

ine the effect of deletion of a CHP-specific region on the

Hþ -regulatory site, we measured the reverse reaction of

NHE1, that is, 22Naþ efflux coupled to Hþ -influx. If we

assume that NHE1 catalyzes a counter-transport reaction

only involving the transport site, intracellular acidification

should result in inhibition of 22Naþ efflux due to cytosolic

Naþ/Hþ competition. In contrast to this thermodynamically

expected inhibition, modest acidification from 7.5 to 7.2

dramatically stimulated the rate of EIPA-inhibitable 22Naþ

efflux in cells co-expressing the wild-type NHE1 and CHP2

(Figure 6D), suggesting that protonation of Hþ -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 pHi-dependence of 22Naþ

uptake, we observed that deletion of a CHP-unique region

significantly reduced the rate of 22Naþ efflux (Figure 6D).

EIPA-sensitive fraction of 22Naþ efflux at pHi 7.2 during

the initial 3 min was reduced to B30% upon expression of

D94–104, suggesting that the affinity of the Hþ -regulatory

site for Hþ decreased upon deletion of this region.

Discussion

In the present study, we solved the first crystal structure of

the CHP2/NHE1-peptide complex at 2.7 Å. This structure pro-

vides detailed information regarding the interaction between
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NHE1 and CHP: (i) the interaction with NHE1 occurs in a

hydrophobic cleft encompassing the N- and C-lobes of CHP2,

(ii) 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 NHE1 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

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 Ca2þ -binding proteins provided

valuable information regarding the target specificity of CHP1/

2 proteins. Although the crystal structure of CNB/CNA com-

Figure 5 Effects of mutations on the interaction between NHE1 and CHP2 in cells. (A) Low magnification confocal images of cells
coexpressing GFP-tagged CHP2 and the wild-type (left) or I537K (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 Glu94 to Lys104
of CHP2 were deleted in D94–104, while the 10 N-terminal residues from Met1 to Val10 were deleted in DN10. 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 mean7s.d. from 6–8 images
(total cell number analyzed, 99–341).
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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

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 a10 helix of itself (Figure 3C), KChIP1

associates with its target Kþ-channel molecule only through

the N-lobe (Zhou et al, 2004). Crystal structures have been

also solved for several other Ca2þ -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 Ca2þ

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 Å2, 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 Ca2þ 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 NHE1. 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 Ca2þ -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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Figure 6 Effect of mutations on the exchange activity. (A), pHi-
dependence of EIPA-sensitive 22Naþ -uptake in cells expressing
wild-type NHE1 (K) or CHP binding-defective mutants, I534D
(J), I534K (m) and I537K (n). pHi was clamped at various values
with Kþ/nigericin. Data were fitted to Hill equations with the
kinetic parameters shown in Supplementary Table I and plotted
after normalization by the maximal activity at pHi¼ 5.4 (inset).
(B) pHi-dependence of EIPA-sensitive 22Naþ -uptake in cells co-
expressing wild-type NHE1 and GFP-tagged CHP2 (K) or deletion
mutant D94–104 of CHP2 (J). Data were fitted to Hill equations
with the kinetic parameters shown in Supplementary Table I. The
22Naþ -uptake activity was also plotted against intracellular Hþ

concentration up to 1 mM (inset). (C) Schematic drawing of 22Naþ -
efflux protocol. The efflux experiment was done in 22Naþ -loaded,
pHi-clamped cells at extracellular pH 7.4. At lower pHi

22Naþ efflux
would be accelerated by Hþ binding to the regulatory site, while at
high pHi it would be inhibited by Hþ -release from the regulatory
site. (D) Time courses of 22Naþ efflux. Cells were loaded with
22Naþ and at the same time pHi-clamped at pHi 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 mean7s.d. of three determinations. Error bars
are sometimes smaller than symbol sizes.
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unlike many other Ca2þ -binding proteins, only EF3 and EF4

of CHP1/2 are able to coordinate Ca2þ ions. Removal of

Ca2þ with a Ca2þ -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 Ca2þ affinity of CHP1 increases markedly (40-fold) upon

interaction with NHE1 (Pang et al, 2004). These findings

suggest that Ca2þ -binding sites and the hydrophobic cleft are

structurally coupled, that is, the Ca2þ -bound conformation of

EF-hands is required for the formation of the appropriate

structure of the hydrophobic cleft for the interaction with

NHE1. By analogy with calmodulin (Zhang et al, 1995), we

consider that Ca2þ binding opens the hydrophobic pockets of

EF-hands so that the residues of the C-lobe can fit into the

hydrophobic cleft. However, such Ca2þ -induced conforma-

tional changes of CHP1/2 bound to NHE1 would not occur

physiologically in cells, since the Ca2þ affinity for such

a complex would be extremely high, that is, Kd for Ca2þ

(2B3 nM) is much less than the physiological cytosolic

Ca2þ concentration (0.1–1 mM) (Supplementary Figure 1

and see also Pang et al, 2004). Hence, we suggest that

Ca2þ bound to EF-hands plays a structural role in stabilizing

the hydrophobic cleft of CHP1/2. In the case of NHE1, Ca2þ -

induced activation would take place on another Ca2þ -

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 Ile537 in NHE1 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 pHi-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

NHE1, substituted with Gln or Arg (Pang et al, 2001, 2004).

On the other hand, deletion of the CHP-unique region (D94–

104) significantly reduced the physiological exchange activity

by inducing an acidic shift of the pHi-dependence of 22Naþ -

uptake (Figure 6B) and inhibited the rate of 22Naþ efflux

(Figure 6D), while preserving the maximal activity at acidic

pHi (Figure 6B), suggesting that this region functions as

an important segment controlling pHi 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 Vmax and the Hþ -affinity.

Secondly, CHP would participate in the delicate pHi regula-

tion of NHE1 through the CHP-unique region, which is

involved in modulation of the Hþ -affinity, but not Vmax.

We predict that CHP may stabilize the structure of the

juxtamembrane domain by inducing a stable a-helix, thereby

preserving NHE1 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

entire structure. On the other hand, the dominant-negative

effect of D94–104 raises the interesting possibility that it may

regulate the pHi-sensing by interacting with some regions of

NHE1. We observed that NHE1 and CHP2 crosslinked with

each other through IL5 of NHE1 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 D94–104 of CHP2, mutation

of Arg440 in IL5 results in a large acidic shift of the pHi-

dependence of 22Naþ -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 22Naþ

efflux by cytosolic acidification predicted the existence of an

additional Hþ -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 Hþ -transport sites are assumed to

participate in the cooperative Hþ -activation of NHE1

(Lacroix et al, 2004). We speculate that multiple charged

residues in loops of NHE1, 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 Naþ/Hþ

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 NHE1 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

(PIP2). 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 NHE1 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 pHi-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 pHi regulation by NHE1. Most

Ca2þ -binding proteins have long been recognized to function

as Ca2þ -sensors or Ca2þ -buffers. In contrast to this general

understanding, CHP does not appear to be a Ca2þ -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 Ca2þ -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/NHE1-peptide were grown using
the sitting-drop vapor diffusion technique at 201C. To obtain the
best crystal quality, 1.5ml of the protein complex solution contain-
ing 20 mM yttrium chloride was mixed with 1 ml 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 (l¼ 1 Å) was collected at beamline BL41XU
at SPring-8. The statistics of the data collection are summarized
in Table I.

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 Å 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 to 2.7 Å 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 NHE1 containing unique
restriction sites cloned into the mammalian expression vector pECE

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 NaHCO3 and supplemented
with 5% (v/v) fetal calf serum. All cDNA constructs were
transfected into PS120 cells with Lipofectamine 2000 (Invitrogen),
and stable clones for NHE1 and its mutant constructs were selected
by repetitive Hþ -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 22Naþ -uptake and 22Naþ -efflux activities
22Naþ -uptake activity was measured by the Kþ/nigericin pHi

clamp method as described previously (Ikeda et al, 1997). Data
were simulated by fitting the values to the sigmoidal dose–response
equation, rate of EIPA-sensitive 22Naþ-uptake ¼ Vmax=ð1 þ
10ðlogðpK�pHiÞ

nÞÞ (pK, pHi giving half maximal 22Naþ uptake; n, Hill
coefficient), using the simulation program included in Graphpad
Prizm (Microsoft Corp., Redmond, WA). 22Naþ efflux was
measured as described previously (Wakabayashi et al, 2003a).
Briefly, serum-depleted cells in 24-well dishes were loaded with
22Naþ by preincubating them for 30 min at 371C in chloride/KCl
medium containing 1 mM 22NaCl (37 kBq/ml) and at the same time
pHi-clamped at 7.5 or 7.2 in presence of 5 mM nigericin. The
radioactive solution was removed and 22Naþ efflux was initiated
by adding the nonradioactive medium. At the times indicated in
figures, cells were rapidly washed four times with ice-cold PBS and
the remaining 22Na-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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