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Interaction of the Na'/H' exchanger (NHE1l) with Calcineurin-homologue

Protein (CHP): CHP Binding Domain and its Physiological Role

KEY WORDS
Na*-H"* exchanger, calcineurin B homologue protein, protein-protein interaction, intracellular

pH

The abbreviation used are

NHE]1, Na*/H* exchanger isoform 1; CHP, calcineurin B homologous protein; EIPA, 5-(N-cthyl-N
isopropyl)amiloride; GFP, green fluorescent protein; GST, glutathione S-transferase; I\EBP, maltose
- binding protein; pH;, intracellular pH; pH, extracellul’ar PH; SDS-PAGE, sodium dodecyl s.u]fate-

polyacrylamide gel electrophoresis; aa, amino acid.

Purpose (B &)

The Na*/H* exchanger (NHE) is an important regulator for intracellular pH (pH;), cell volume,
and transepithelial Na* transport (1-3). It exists in virtually all cells wx;th cell type-dependent pattern
of isoform expression. Among six known isoforms of NHE, a ubiquitous isoform NHE1 is known to
be rapidly activated in response to a variety of extracellular stimuli ranging from growth factors to
mechanical stimuli such as hyperosmotic stress and cell spreading (4-6). Some accessory regulatory
factors has been suggested to be involved in the regulation of NHE1. Calmodulin is the first identified
regulatory factor that is involved in Ca**-induced activation of NHE1 (7-9). Recently, the calcineurin
B homologous protein (C}IP) has been cloned as a candidate for such regulatory factors of NHE1 (10).
However, the CHP-binding domain within NHE1 has not yet been precisely identified in that report
(10). In additibn, evidence presented in that study (10) was not enough to understand completely a
regulatory role of CHP. In this study, we tried to identify precisely the CHP-binding site within NHE1
and to clarify the role of CHP by analyzing the mutant NHEs that can not bind CHP. The data

suggest that CHP may be involved in protein processing rather than the acute regulation of NHEL.



EXPERIMENTAL PROCEDURES (5 )

Antibodies. The NHE]-specific polyclonal antibody was purified from rabbits immunized
‘with maltose-binding protein (MBP) fusion protein containing the cytoplasmic domain (aa 503-815)
of NHE1 (7). The CHP-specific polyclonal antibody (IgG fraction) was purified from rabbits
immunized with GST/CHP 1-195 fusion protein.

Plasmid construction and purification of fusion proteins. All the plasmids used in this study
w;re constructed based on production of DNA fragments by polymerase chain reaction (PCR),
ligationlinto various cloning vectors and automated sequencing of the inserted fragment. Plasmids |
were transformed into E.coli (HB 101) for expression of the fusion proteins or plasmid preparation.
MBP or GST fusion proteins were purified according to manufacturar’s protocol. -

Cells and plasmid transfection. The Na*/H" antiporter-deficient PS 120 cells and transfectants
were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 25 mM NaHCO; and
supplemented with 7.5% (v/v) fetal calf serum, penicillin 50 units/ ml and streptomycin 50 mg/L in
the presence of 5% CO,. Cells (5x10° cells/10 cm dish) were transfected with wild type and various
mutant NHE1 plasmids or GFP-CHP plasmids (20 pg) by calcium-phosphate co-precipitation
technique. Ccll populations that stably express NHE1 variants were selected by the "H*-killing"(11),
and cells stably expressing GFP variants were selected with G418.

Immunoblot and immunopref:ipitatian. For immunoprecipitaion, cells were harvested in a
_ lysis buffer [containing: 150 mM NaCl, 20 mM Hepes/Tris (pH7.4), 1% Triton-100, 1 mM PMSF, 1
mM benzamidine] and incubated for 1-2 hours with .polyclonal antibodies against NHE1 or CHP in
the presence of 30 pl of protein A-Sepharose. The iminune complex was washed 5 times with lysis
buffer and proteins were eluted with the sample buffer containing 1% SDS. Proteins wex;c subjected to
SDS-PAGE and transferred to immobilon membranes. After incubation of membranes with
antibodies, the blots were visualized by enhanced chemiluminescence (ECL) and Konica

immunostaining HRP 1000. In some experiments to study the interaction between NHE1 and CHP,
membranes were incubated with 100 pg of GST-CHP or MBP-NHE1 before incubation with the first
antibodies.

Measurements of the Na*[H* exchange activity and pH,. The Na*/H* exchange activity was

evaluated by measuring EIPA-sensitive ZNa* uptake icitivity using stable transfectants grown to



confluence in 24-well dishes (12). For measurement of intracellular pH (pH,)-dependence of ZNa*
uptake, pH; was clamped to various values by K*/nigericin (12). Change in pH; in response to various
extracellular stimuli was monitored by equilibration of [*C]benzoic acid using transfectants grown to

confluence in 24-well dishes.

RESULTS (&%)

Identification of CHP-binding domain within NHE]1. In order to identify the CHP-binding
sife witin'n NHEI, we produced 24 MBP-NHEI1 fusion proteins containing various regions of the
cytoplasmic domain (aa 503-815) of human NHE1. We also produced GST-CHP fusion protein as a
probe to detect the interaction between NHEL and CHP in vitro. MBP-NHE1 Fusion proteins were
. subjected to SDS-PAGE and GST-CHP overlay assa);. As a long purification step caused protein
degradation, we initially checked whether CHP binds to MBP-NHE1 fusion proteins by analyzing
directly total bacteria proteins without purification. We found that GST-CHP strongly bound to
several MBP-NHE]1 fusion proteins containing aa 503-815 (complete cytoplasmic domain), aaS03-
540, aa503-575 or aa 515-575 of NHEL1, whereas it did not bind to other fusion proteins containing
2a530-656, aa540-656 or aa560-815. These data indicated that the CHP-binding domain exists in the
N-terminus of the cytoplasmic domain of NHE1. To confirm finally the CHP-binding domain, we
produced three MBP-NHE] fusion proteins containing aa 503-815 but lacking aa 515-520, 515-530 or
510—550. We found that GST-CHP did not bind to these deletion mutant proteins, although we
detected a weak CHP-binding to the fusion protein lacking 515-520. Thus, we concluded that the
CHP-binding domain is located in aa 515-530 of NHE1.

CHP-binding to NHE1 in vivo. In order to study the role of CHP-binding in the function of
NHE1, we introduced several mutations into CHP-binding domain of NHE1. At the first, we
produced three NHE1 mutants (A510-515, A515-530 or A510-530) deleted of aa 510-515, 515-530 or
510-530 and expressed them in the exchanger-deficient cell PS120. We immunoprecipitated the
wild-type or these deletion mutant NHEs with rabbit anti-NHEL1 antibody, or the ‘endogenous CHP
protein with rabbit anti-CHP antibody. We found that the wild-type NHE1 was easily detected in the
immunoprecipitates with anti-CHP antibody, ‘or vice versa, that CHP was also detected in the

immunoprecipitates with anti-NHE1 antibody. As expected, NHE1 deletion mutants were not



detected in imunoprecipitates with anti-CHP antibody although a little amount of A 510-515 was

detected, indicating that aa 515-530 of NHE1 is indeed the CHP-binding domain. Unfortunately, the
Na*/H* exchange activity of cells expressing these deletion mutants was considerably low as compared
to that of the wild-type NHEL1, probably because of a severe mutation-induced change in conformation
of NHE1. Therefore, we tried to introduce a more mild mutation into the CHP-binding domain of
NHEL. Among more than 10 mutants we tried, a mutant protein 1522C/D528C/H529C (@e amino
acids were substituted with cysteine) did not bind to CHP when CHP-binding ability was checked by
ir; vitro 'GST-CHP overlay or by immunoprecipitation with anti CHP antibody. In order to determine
| the localization of CHP protein in the cells, we produced a plasmid for CHP conjugated with green
fluorescent protein GFP, transfected it into cells and analyzed the localization of GFP fluorescence by
. confocal microscopy. In the exchanger-deficient cell P'8120, most of GFP fluorescence was detected
in the cytosol. In contrast, in PS120 cells expressing the wild-type NHE1, GFP fluorescence became
to accumulate in the plasma membrane but not in the cytosol. This result suggest that NHEL is a
major target for CHP in cells. As expected, GFP fluorescence was not detected in the plasma
membrane of cells expressing the mutant I522C/D528C/H529C. In addition, even in cells expressing
the wild-type NHE1, GFP-fluorescence was not detected in the plasma membrane of cells co-
transfected with GFP-CHPA160-180 that lost the binding ability to NHE1.

. Characterization of NHE1 mutants lacking CHP binding

In order to study the role of CHP-binding in regulation of NHE1, we used the mutant NHE1

I522C/D528C/H529C that lost the binding to NHEI, but retained a relatively high activity of the
Na’/H* exchange. The pH;-dependence of EIPA-sensitive ?Na* uptake of cells expressing
I522C/D528C/H529C was almost the same as that of cells expressing the wild-type NHE1. Depletion
of cell ATP strongly inhibited ZNa* uptake activity by inducing an acidic shift of pH; dependence of -
this mutant, like the wild-type NHE1. In cells expressing NHEI, various extracellular stimuli are
known to induce a long-‘lasting' cytoplasmic alkalinization through activation of NHE1. We found
that the cytoplasmic alkalinization was also observed in cells expressing 1522C/D528C/H529C in
response to all the stimuli tested (thrombin, PDGF, PMA, hyperosmolarity and LPA), mgéesting that
CHP-binding is not involved in the regulation of -NHEL. Next we tested the localization of this

mutant by confocal microscopy. Most of the wild-type NHE1 protein was localized in the plasma



membrane. In contrast, a relatively high amount of 1522C/D528C/H529C protein was detected in the
endomembranous structure around the nucleus as well as the plasma membrane. Our preliminary
study revealed that this endomembranous structure is the Golgi membranes. Consistent with this
finding, we found that more than 50% of the 1522C/D528C/H529C protein expressed in cells existed
as an immature form with the molecular weight of 90 kD. The data suggest that CHP-binding may be

involved in protein processing of NHEL1.

DISCUSSION (#%%)

In this study, we identified the CHP-binding domain within NHE1. The identified CHP-
binding domain (aa 515-530) is located in the N-terminus of the cytoplasmic domain of NHE1. The
cytoplasmic domain of NHE1 has previously been shown to be separated into at least four functional
domains (aa 515-595, aa 595-635, aa 635-656, aa 656-815). Subdomain I (aa 515-595) has been
shown to play an important role in pH;-maintenance, ATP-depletion-induced inhibition of NHE1 and
growth factor-induced activation of NHE1. It is likely thz;t distinct smaller regions within subdomain
I are involved in these multiple physiological roles. The present data indicates that a part of
subdomain I is also involved in the interaction with CHP.

In this study, we expressed a mutant exchanger 1522C/D528C/H529C that has no CHP-
binding ability but has a relatively high Na*/H* exchange activity. However, this mutant was similar
to the wild-type NHEI in following points; 1) pH; dependence of exchange, 2) ATP depletion-induced
of inhibition of exchange and 3) cytoplasmic alkalinization in response to various stimuli. These
findings suggest that CHP-binding is not required for such functions of NHE1. Our data are largely
different from the previous report (10). According to the previous report (10), CHP is an inhibitory
protein and released from NHE1 through dephosphorylation of CHP upon stimulation of cells.
However, we did not observed an alkaline shift in pH; dependence of exchange in cells expressing
1522C/D528C/H529C, that is expected from CHP-induced inhibition of exchange. We also observed
a strong acidic shift of pH; dependence induced by ATP depletion and cytoplasmic alkalinization in
response to thrombin, PDGF, hyperosmolarity (200 mM sucrose) or PMA. These results are

consistent with our previous reports that the former phenomenon is attributable to a limited fragment



of aa 540;560 (Ikeda et al. unpublished observation), whereas the latter one is attributable to aa 566-
635 (13).

At present, the precise role of CHP is not known. However, the finding that a part of the
1522C/D528C/H529C protein is concentrated in Golgi-like structure in cells, suggest that CHP may be
involved in pptein processing. It is possible that the CHP-binding accelerates the translocation of
NHE1 from Golgi cisternae to the plasma membrane, although further study would be required. This
concept was also suggested from a recent report that p22 (the same protein as CHP) is involved in
vesicle traffic (14). Another possible explanation for the role of CHP came from confocal microscopy
experiment with GFP-CHP. We observed that GFP-CHP accumulated in the plasma membrane only
if we expressed NHE1 in PS120 cells, indicating that NHE1 is a major target for CHP. -This finding
leads to a novel concept that NHE1 is required as a scaffolding protein for recruitment of CHP to the
plasma membrane. Future experiments would determine the precise role of CHP-binding to to

NHEL1.
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