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Protein kinase C (PKC) is considered crucial for hormonal
Na*/H* exchanger (NHE1) activation because phorbol esters
(PEs) strongly activate NHE1. However, here we report that
rather than PKC, direct binding of PEs/diacylglycerol to the
NHEL1 lipid-interacting domain (LID) and the subsequent
tighter association of LID with the plasma membrane mainly
underlies NHE1 activation. We show that (i) PEs directly inter-
act with the LID of NHE1 in vitro, (ii) like PKC, green fluores-
cent protein (GFP)-labeled LID translocates to the plasma mem-
brane in response to PEs and receptor agonists, (iii) LID
mutations markedly inhibit these interactions and PE/receptor
agonist-induced NHE1 activation, and (iv) PKC inhibitors inef-
fectively block NHE1 activation, except staurosporin, which
itself inhibits NHE1 via LID. Thus, we propose a PKC-indepen-
dent mechanism of NHE1 regulation via a PE-binding motif pre-
viously unrecognized.

Tumor-promoting phorbol esters (PEs)> have been used to
validate the involvement of protein kinase C (PKC) in the func-
tions of many proteins and in cellular processes (1, 2). The ubiq-
uitous Na™/H" exchanger (NHE1 isoform) is a well-docu-
mented PE-activated membrane protein (3-5) that has long
been believed to be activated via PKC (6). NHE1 catalyzes elec-
troneutral Na*/H" exchange and is an important regulator of
intracellular pH (pH,), Na™ concentration, and cell volume
(6-10). NHE1 is activated in response to various stimuli,
including hormones, growth factors, and mechanical stress,
and thereby optimizing the intracellular ionic environment for
many cellular functions including cell proliferation, cell migra-
tion, and volume regulation (6 —10). Furthermore, this activa-
tion is also thought to be involved in the pathogenesis of dis-
eases, such as cancer and heart failure (11-13). Regulation of
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NHET1 is thought to occur through the interaction of multi-
ple signaling molecules with the carboxyl (C)-terminal cyto-
plasmic domain of NHE]I, their post-translational modifica-
tions, and subsequent conformational changes in the amino
(N)-terminal transmembrane domain responsible for cata-
lyzing the Na™/H™ exchange reaction (6, 10) (see Fig. 1A for
membrane topology). Furthermore, this regulation is attrib-
utable to a change in the affinity for intracellular H™ (6, 14,
15). Of the signaling molecules, calcineurin B homologous
protein 1 (CHP1, a ubiquitous isoform of CHPs) was sug-
gested to play an essential role in maintaining the structure/
function of NHE1 as an obligatory subunit (16, 17). However,
neither NHE1 nor CHP1 is phosphorylated by PKC in vitro.?
Thus, at present, conclusive evidence for PKC involvement
and the detailed molecular mechanism underlying NHE1
activation remain elusive.

We predicted that NHE1 is activated through PKC-inde-
pendent mechanisms such as direct interaction with PE/diacyl-
glycerol (DAG). The NHEL1 region adjacent to the CHP-binding
site (18, 19) was reported to bind phosphatidylinositol 4,5-
bisphosphate (PIP,), a membrane phospholipid, and to be crit-
ical for maintaining basal exchange activity (20, 21). Because
this ~60-residue region (Fig. 14), which includes the PIP,-
binding site, is also essential for hormonal NHE1 activation (6,
22, 23), we hypothesized that change in the interaction of this
region (lipid-interacting domain, LID) with cell membranes
may be critical for regulation of NHE1. Here, we investigated
the biochemical properties of LID, and found that it contains a
novel PE/DAG-binding domain, which plays a critical role in
NHEI1 regulation.

EXPERIMENTAL PROCEDURES

Molecular Biology—The template plasmid carrying cDNA
coding for the NHE1 human isoform with some unique restric-
tion sites cloned into the pECE mammalian expression vector
has been described previously (24). All the constructs were pro-
duced by a polymerase chain reaction (PCR)-based strategy as
described previously (24). In brief, PCR products generated
using forward and reverse primers were inserted into the
appropriate restriction sites of expression vectors. For con-
struction of GFP- or mCherry-tagged wild-type and mutant
LID, the cytoplasmic region (amino acids 542—-598) of NHE1
was amplified by PCR using pECE constructs as templates and
inserted into mammalian expression vectors, pEGFP-C1 or
pmCherry-C1 (BD Biosciences Clontech, Palo Alto, CA),

3 S. Wakabayashi, unpublished observations.
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respectively. For construction of mCherry-PKC8-Cla, PKC6-
Cla domain (amino acids 159-208) of cloned human PKC8
was amplified and inserted into pmCherry-C1 vector, and for
construction of MARCKS-GEFP, the entire coding region of
cloned human MARCKS was inserted into pEGFP-N1 vector.
The cDNA coding for mouse al-adrenergic receptor was pur-
chased from Invitrogen and cloned into the expression vector
pT-REx-DEST30 (Invitrogen). GFP-labeled PLC8-PH domain
(25) was kindly provided by Dr. Tobias Meyer (Stanford Uni-
versity). The DNA sequences of the PCR fragments were
confirmed wusing an Applied Biosystems Model 3130
autosequencer.

Confocal Microscopy—Exchanger-deficient PS120 cells (26)
or PS120 cells stably expressing the wild-type NHE1 (our basic
confocal observations described in this report did not differ
across these two cell types) were co-transfected with GFP- or
mCherry-labeled LID and other constructs for 6 -8 h by Lipo-
fectamine 2000 (Invitrogen, CA). Cells were trypsinized and
plated onto glass-bottom 35-mm dishes. Fluorescent signals
were observed by confocal microscopy with an Olympus Fluo-
view FV1000 confocal microscope 16 —24 h after trypsinization.
Various reagents such as PMA, OAG, and receptor agonists
were added directly to dishes at 22-25 °C. Imaging data were
usually taken each 15 or 30 s over 10 —20 min. Changes in fluo-
rescence intensities around plasma membranes (Figs. 1C and
6D) were analyzed using Image-Pro Plus software (Media
Cybernetics Inc.). Fluorescence intensities in areas including
plasma membranes and the whole cells were measured after
these areas were selected by eye through an experimental series.
Statistical analysis of colocalization was performed using soft-
ware included with the confocal system (Fig. 1D). For co-trans-
fection with mCherry-LID and GFP-PLCS-PH (supple-
mental Figs. S5 and S6), line scanning of fluorescence intensity
was performed at each cell, and fluorescence intensities in
plasma membrane (I, and cytosol (I.,) were measured
using Image-Pro Plus software (Media Cybernetics, Inc.). The
relative membrane-localization index (I = Lyd/Ipem T
I.,) was calculated as described (25).

Transfection of NHE1 Variants—In this experiment, we first
stably transfected PS120 cells with mouse a1-adrenergic recep-
tor under selection with G418. The cDNAs encoding the wild-
type and mutant NHE1 variants were transfected by Lipo-
fectamine 2000 (Invitrogen) into either PS120 or PS120 cells
expressing al-adrenergic receptor. Stable cell populations with
Na™/H™ exchange activity were selected by acid-killing selec-
tion procedure as previously described (22).

Measurement of pH; Change—Extracellular stimuli-induced
change in pH; was measured using the dual-excitation ratio-
metric pH-indicator BCECF/AM, as previously described (27).
Briefly, cells expressing NHE1 variants were serum-depleted
more than 2 h and loaded for 3 min with 0.3 um BCECF/AM
(Invitrogen) at room temperature in HEPES-buffered saline
(HBS) containing: 140 mm NaCl, 5 mm KCl, 2 mMm CaCl,, 1 mm
MgCl,, 5 mm glucose, and 20 mm Hepes/Tris (pH 7.0). Cells
were then placed in a flow chamber connected to a perfusion
system and superfused (0.6 ml/min) with HBS at 35 °C. We mea-
sured fluorescence at 510 -530 nm with alternating excitations
at 440 and 490 nm through a 505-nm dichroic reflector. Images
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were collected every 10-20 s using a cooled CCD camera
(ORCA-ER, Hamamatsu photonics K.K., Japan) mounted on an
inverted microscope (IX 71, Olympus) with a X20 objective
(UApo/340, Olympus), and processed with AQUACOSMOS
software (Hamamatsu Photonics). Change in pH; was moni-
tored by switching perfusions from normal medium to HBS
containing various reagents. The resting pH; was calibrated
as previously reported, using a high [K™] solution contain-
ing: 140 mMm KCl, 2 mm CaCl,, 1 mm MgCl,, and 0.005 mm
nigericin, and adjusted to various pH values ranging from 7.0
to 7.5. The change in pH; was also measured by the ['*C]ben-
zoic acid-equilibration method (22, 28). In this experiment,
serum-depleted cells were preincubated for 30 min in bicar-
bonate-free HEPES-buffered DMEM (pH 7.0), and then
incubated in the same medium containing [**C]benzoic acid
(1 nCi/ml) and various agents for 15 min at 37 °C. In some
experiments, cells were preincubated in HEPES-buffered
DMEM containing wortmannin (10 uM) or PKC inhibitors (1
uM) and then switched to radioisotope medium containing
PMA or phenylephrine and each inhibitor. After washing
four times with ice-cold phosphate-buffered saline, the cel-
lular uptake of '*C-radioactivity was measured. The change
in pH, was calculated according to the following equation:
ApH; = log,, ("*Cyim/**C.op), where *C_;,, and "*C_; are
the intracellular **C-radioactivity in the presence or absence
of extracellular stimuli, respectively.

Measurement of *’Na* Uptake—>*Na™ uptake activity was
measured by the K™ /nigericin pH; clamp method as described
previously (29). In brief, serum-depleted cells in 24-well plates
were preincubated for 30 min at 37 °C in a Na™-free choline
chloride/KCl medium containing: 20 mm HEPES/Tris (pH 7.4),
1.2-140 mm KCl (adjusted to total 140 mm by choline chloride),
2 mm CaCl,, 1 mm MgCl,, 5 mMm glucose, and 0.005 mM nigeri-
cin. 2?Na™ uptake was initiated by adding the same choline
chloride/KCl solution containing **NaCl (37 kBq/ml; final con-
centration, 1 mm), 1 mMm ouabain, and 0.1 mm bumetanide. In
some wells, the uptake solution contained 0.1 mm EIPA. One
min later, cells were rapidly washed four times with ice-cold
phosphate-buffered saline to terminate >>Na™* uptake. pH, was
calculated from [K*]/[K*], = [H*],/[H"], by assuming an
intracellular [K*] of 120 mm. EIPA-inhibitable **Na™ uptake
was fitted by nonlinear least squares analysis to a Hill equation
using GraphPad Prism software (GraphPad Software Inc.), as
shown in Equation 1,

EIPA-sensitive 2?Na* uptake = V,,,/[1 + 10~ PH] (£ 1)

where V. is the maximal uptake activity at very low pH,, Kis
the dissociation constant for H, and # is the Hill coefficient.
Data were plotted against pH, after normalization to the V.
value. In some experiments, calphostin C (1 um) or stauros-
porin (1 um) was included throughout the preincubation and
%2Na* uptake periods. The data were normalized based on the
protein concentration, which was measured using a bicincho-
ninic assay system (Pierce), using bovine serum albumin as a
standard.

Measurement of PE Binding to Peptides—Binding of the fluo-
rescent PE, SAPD, to peptides was quantified essentially as
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FIGURE 1. Plasma membrane translocation of LID. A, topology model of NHE1 and amino acid sequence of
LID. Positions of two mutant constructs (LIT and LI2) are represented. Leu-562 and lle-563 in LI1 and Leu-573
and lle-574in LI2 were replaced with two alanine residues. B, PMA (1 um) facilitates translocation of GFP-labeled
LID (GFP-WT-LID) to the plasma membrane, in a similar time course as mCherry-labeled PKC8-C1a domain.
Note that fluorescence signals detected in the nucleus decreased and accumulated in the plasma membrane.
C, time courses for the accumulation of two fluorescent probes in the plasma membrane within the same cells.
Means = S.E. (n = 7). D, colocalization efficiency was analyzed for a cell in B before and 10 min after PMA
addition. High Pierson’s coefficient (0.918) was observed with PMA. E, PMA does not promote the plasma
membrane translocation of the 27 N-terminal residues of LID. OAG (100 um) (F) and phenylephrine (Phe) (1 um)
(G) facilitate plasma membrane translocation of LID. In G, «1AR was stably expressed. H, PMA does not promote
plasma membrane translocation of two LID mutants.
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described previously (30) by measuring the fluorescence reso-

of the phorbol moiety. The fluores-
cence intensities, obtained upon
excitation of the tryptophan fluoro-
phore at 280 nm, were determined
using a spectrofluorimeter (Hitachi,
FL4500) at 340 and 440 nm, corre-
sponding to the emission maxima of
tryptophan and SAPD, respectively.
Peptides used in the experiments
contain one tryptophan residue
(Trp-546 of NHE1 for GP57 and
GC20, Trp-663 of NHEL1 for IL54).
The solution (0.5 ml) consisted of
100 mm Tris/HCI, pH 7.4, 1 mMm
dithiothreitol, and 10 uMm each pep-
tide. In one experiment, liposomes
(0.17 mg) consisting of 89% PC, 5%
PS, 5% PA, and 1% PIP, (weight %)
was added to the cuvette. In some
experiments, PMA, 4a-PMA, and
OAG were added at the indicated
concentrations. SAPD was titrated
from stock solutions of the re-
quired concentration prepared
from a Me,SO solution. To isolate
the fluorescence signal resulting
from FRET, the observed fluores-
cence intensities at each SAPD con-
centration were corrected for vol-
ume changes incurred during the
titration procedure and normalized
for the contribution from the direct
excitation of the SAPD fluorophore
according to Equation 2,

FRET = (Fi+p — Fip) — (Fo.1p
— Fo-p) (Eq.2)

where F, , , and F, , are the fluo-
rescence intensities measured
after each SAPD addition in the
presence and absence of peptides,
respectively, and F, ,, and F,
are the fluorescence intensities
measured in the absence of SAPD
in the presence and absence of
peptides, respectively. The data
were fitted by nonlinear least
squares analysis to a Hill equation,
as shown in Equation 3,

FRET = (Fmax = Frnin)/[(Kgyesaep)” + 1]
(Eq.3)

where F, . and F,_;, are the maxi-

max

mum and minimum corrected FRET

nance energy transfer (FRET) from tryptophans to the 2-(N-  signals, K, is the binding constant for SAPD, cSAPD is the concen-
methylamino)benzoyl fluorophore attached at the 12-position  tration of SAPD, and # is the Hill coefficient. In the presence of
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centration of competitors (C) in-
cluded in the cuvette, and K, is
the binding constant for C. After
obtaining K, , ., by curve fitting, K,
was calculated using the K;g.pp
value for SAPD.

Liposome Binding Assay of Pep-
tides—For liposome preparation, a
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FIGURE 2. PEs directly interact with LID in vitro. A, emission spectra at 280-nm excitation. FRET signals were
observed between a tryptophan residue of peptide GP57 spanning LID (10 um) and the fluorescent PE ana-
logue SAPD (20 uwm). B, difference emission spectra. In peptides GC20 and IL54, FRET signals (increment in
fluorescence intensity at 440 nm) were not observed. C, FRET signals were considerably reduced in the pres-
ence of high concentrations of PMA (100 um). D, liposomes increased SAPD affinity (see Table 1). £, PMA (10 um),
OAG (100 pum), and 4a-PMA (100 um) decrease the apparent affinity of GP57 for SAPD, suggesting that they
competitively interact with GP57. F, two mutations, particularly LI2, markedly reduced FRET signals.

TABLE 1
Summary of FRET data obtained with GP57

Concentration dependence of SAPD on FRET signals was measured in the presence
or absence of additional chemicals. The apparent dissociation constant K, for
SAPD was obtained by curve-fitting to a Hill equation as described under “Experi-
mental Procedures.” Using the K, . value for SAPD in the absence of other chem-
icals, intrinsic K, for the added competitors was calculated by assuming compe-

tition. Data are expressed as the best-fit values = S.E.

Calculated K, for
added competitors

Added chemicals K, for SAPD Hill coefficient

d,app

M M
None 16,5+ 3.1 1.36 = 0.25
PMA (10 um) 24.0 = 3.8 22.3 1.90 *+ 0.42
OAG (100 um) 26.0 * 6.4 174.7 2.30 £ 0.81
4a-PMA (100 um) 243 £5.1 213.4 1.83 = 0.49
Liposomes 80711 1.16 * 0.16

competitive chemicals, the data were fitted by the competitive
binding equation, as shown by Equations 4 and 5,

Fmin)/[(Kd,app/cSAPD)n + 1]

Ka.app = Kasaro(1 + C/Kyc)

FRET = (Fpax — (Eq.4)
(Eq.5)

where K, .. is the apparent binding constant for SAPD in pres-
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ware (Media Cybernetics Inc.).
The relative amount of peptides
bound to liposomes was calculated
by subtracting the amount of pep-
tides remaining in the supernatant
from the initial input as follows in
Equation 6,

Lipid binding (%) = (P, — P,) X 100/P, (Eq.6)

where P, is the amount of total peptide without lipids, while P,
is the amount of peptide in the supernatant after centrifugation.

Reagents—In this study, the following N-terminally biotin-
ylated peptides corresponding to the cytoplasmic regions of
NHEI1 were synthesized with >85% purity by GL Biochem Ltd.:
GP57, GHHHWKDKLNRFNKKYVKKCLIAGERSKEPQLIA-
FYHKMEMKQAIELVESGGMGKIP; GP57-LI1, GHHHWK-
DKLNRFNKKYVKKCAAAGERSKEPQLIAFYHKMEMKQA -
IELVESGGMGKIP; GP57-LI12, GHHHWKDKLNRFNKKYV-
KKCLIAGERSKEPQAAAFYHKMEMKQAIELVESGGMG-
KIP; GC20, GHHHWKDKLNRFNKKYVKKC; and IL54,
IRKILRNNLQKTRQRLRSYNRHTLVADPYEEAWNQMLLR-
RQKARQLEQKINNYL.

SAPD was purchased from Calbiochem, PMA and 4a-PMA
from Sigma, OAG and other membrane lipids from Avanti
Polar Lipids (Alabaster, AL), and *?NaCl and [**C]benzoic acid
from PerkinElmer Life Science Inc. All other chemicals were of
the highest purity available.
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RESULTS

PEs Facilitate the Translocation of LID to the Plasma
Membrane—We first determined whether PEs modulate the
interaction of LID with the plasma membrane. Green fluores-
cent protein (GFP)-labeled LID expressed in fibroblasts
(exchanger-deficient PS120 cells) targeted the plasma mem-
brane and was located within cells (Fig. 1B). Interestingly, phor-
bol-12-myristate-13-acetate (PMA) greatly facilitated the
translocation of LID to the plasma membrane (Fig. 1B and
supplemental movie S1), which is also a characteristic of the
PKC regulatory domain C1, where direct PE binding facilitates
anionic membrane interactions (31). We also observed that
GFP-LID and mCherry-PKC8-Cla translocated to the plasma
membrane in response to PMA over a similar time course
within the same cells (Fig. 1, B and C) and finally colocalized in
the plasma membrane (Fig. 1D). Such translocation did not
occur in the case of the GFP-labeled 27 N-terminal residues
(amino acids 542-568) of LID (Fig. 1E and supplemen-
tal movie S2), indicating that the C-terminal region is required
for this phenomenon. Furthermore, LID accumulated in the
plasma membrane in response to a membrane-permeable DAG
analogue, 1-oleoyl-2-acetyl-sn-glycerol (OAG) (Fig. 1F and
supplemental movie S3), thrombin (supplemental Fig. S1), and
al-adrenergic receptor (alAR) agonist phenylephrine only
when its receptor was expressed (Fig. 1G and supple-
mental movie S4). These results strongly suggest that PEs and
the endogenous second-messenger DAG directly bind LID,
thereby increasing the latter’s affinity to plasma membranes.

PEs Directly Bind LID in Vitro—To study the LID-PE inter-
action in vitro, we determined whether fluorescence resonance
energy transfer (FRET) occurs between the two. We synthe-
sized a 57-residue peptide (GP57, Gly-542—Pro-598) spanning
LID and examined whether FRET occurs between the trypto-
phan residue (Trp-546) of GP57 and the fluorescent PMA ana-
logue, sapintoxin D (SAPD), as described previously (32). Inclu-
sion of GP57 markedly increased the fluorescence intensity of
SAPD with a slight blue-shift at the maximal emission wave-
length of SAPD (440 nm), indicating clear FRET from trypto-
phan to the 2-(N-methylamino)benzoyl fluorophore of SAPD
(Fig. 2A). FRET was not observed in the 20 N-terminal residues
(GC20, Gly-542—Cys-561) of LID or in a control peptide (IL54,
Ile-631—Leu-684 of NHE1) (Fig. 2B), and was greatly reduced
by competition with 100 um non-fluorescent PMA (Fig. 2C),
suggesting that LID, particularly its 37 C-terminal residues,
directly interacts with PEs. The affinity of GP57 for SAPD
increased in the presence of liposomes (K ;, from 16.5 to 8.1 um)
(Fig. 2D and Table 1), suggesting that PEs may bind LID with
higher affinity in membranes. Competition experiments revealed
that OAG and even the inactive PE analogue 4a-PMA interact
with LID, though with lower affinity (Fig. 2E and Table 1).

Besides these lipophilic compounds, we also examined the
interaction of LID with membrane lipids by testing for direct
binding. GP57 was incubated with liposomes consisting of var-
ious membrane lipids and then centrifuged; the unbound
supernatant was analyzed using gel electrophoresis followed by
Coomassie Brilliant Blue staining. We found that LID interacts
with multiple membrane lipids, particularly, acidic phospholip-
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FIGURE 3. Multiple phospholipids can interact with LID. A, CBB-stained
patterns of peptide GP57 spanning LID. Liposomes containing various lipids
(weight %, adjusted to 100% with PC) were mixed with GP57 and centrifuged.
Peptides before centrifugation (total) and an aliquot of each supernatant
were subjected to PAGE. It was difficult to obtain the reliable data for interac-
tion of DAG with peptides using this method because DAG inhibited the
stable liposome formation. B, relative amount of GP57 bound to liposomes
was calculated as described under “Experimental Procedures.” GP57 prefer-
entially binds to acidic phospholipids such as PS, PG, PI, PIP,, and PA. Approx-
imately 50% of peptides also bind to liposomes consisting of only PC under
these conditions, suggesting that GP57 is capable of binding various mem-
brane lipids. C, binding of peptides containing replaced residues to PC or
PC + PS liposomes. CBB-stained patterns of peptides GP57-LI1 and GP57-LI2
from total input and the supernatant. Summarized data are represented in
the lower panel. One amino acid substitution (GP57-LI2) markedly inhibited
lipid binding, whereas another substitution (GP57-LI1) had a small inhibitory
effect. Means = S.D. (n = 3-4).*,p < 0.05 versus GP57.

ids such as PIP,, phosphatidylserine (PS), and phosphatidic acid
(PA) (Fig. 3, A and B). GP57 exhibited the following order of
binding strength: PIP, > PS, phosphatidylinositol (PI), PA >
phosphatidylglycerol (PG) > phosphatidylcholine (PC) (sup-
plemental Fig. S2).

Mutations in LID Abolish PE- and Hormone-induced Activa-
tion of NHEI—To study the role of LID in the regulation of
NHEI activity, we generated alanine-scanning mutations. Six
mutations of conserved residues (Fig. 1A and supplemen-
tal Fig. S3) abrogated PE-promoted translocation of LID to the
plasma membrane (Fig. 1H and supplemental Fig. S3 and
movie S5), suggesting that the whole region of LID is important
for membrane interaction. Mutations (particularly LI2, in
which Leu-573 and Ile-574 were replaced with two alanine res-
idues) also markedly inhibited the interaction of LID with PEs
and phospholipids (Figs. 2F and 3C). Rapid and persistent cyto-
plasmic alkalinization, a consequence of increased cytosolic H™
affinity, has been used as a reliable indicator of NHE1 activa-
tion (3, 28). PMA, OAG, and SAPD induced such alkaliniza-
tion in cells expressing wild-type full-length NHE1 (Fig. 4,
A-C). PE-induced alkalinization occurred at relatively low
concentrations (>0.03 um SAPD) (Fig. 4C). Phenylephrine
also induced alkalinization only in cells co-expressing a1ARs
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pH,) even when PIP, re-synthesis is
blocked by wortmannin (Fig. 4, A
and B, supplemental Fig. S6 and
movie S7), suggesting that basal
activity is preserved even under
conditions of reduced PIP,, possibly
because of interactions between
LID and predominant acidic lipids
within membranes. Thus, the broad
lipid specificity of LID may facilitate
rapid NHE1 activation after recep-
tor stimulation.

PKC Inhibitors, except Stauros-

Phe

Phe +wort
PMA

porin, Are Ineffective in Blocking
NHE]I Activation—We next exam-
ined the possible involvement of
PKC in NHE1 regulation by using
PKC inhibitors. PMA induced the
translocation of myristoyl alanine-
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FIGURE 4. Effect of LID mutation on NHE1 activity and regulation. A, change in pH; was measured using the
pH; indicator BCECF-AM. PS120 cells were stably transfected with WT NHE1 (upper), WT + «1AR (lower left), or
LIT + a1AR (lower right). Cells were stimulated with PMA (1 um), OAG (100 um), or phenylephrine (Phe) (1 um).
In one experiment, cells were preincubated for 15 min with wortmannin (wort) (10 um) and then stimulated
with phenylephrine in the presence of wortmannin. Means = S.E. (n > 20 cells). B, change in pH; 15 min after
stimulation was measured using the [*C]benzoic acid equilibration method. Means = S.D. (n = 3). C, SAPD-
induced cytoplasmic alkalinization measured in cells expressing WT or mutant NHE1 by using the "*C-benzoic
acid equilibration method. This alkalinization was abolished by mutations in LID. Means = S.D. (n = 3). D, LID
mutations induced an acidic shift of pH; dependence (decreased cytosolic H* affinity).

TABLE 2

Summary for 2?Na™ uptake activity (Fig. 4D) measured in cells
expressing the NHE1 variants

The EIPA-inhibitable **Na™* uptake was fitted by nonlinear least squares analysis to
a Hill equation. V, is the *?Na™ uptake activity at a very low pH, and normalized
by the amount of total protein expression. Mutation LI2 reduced both V, .. and pK
values, while LI1 reduced the pK value. Data are the best-fitted values = S.E.

nax

Expression-normalized

Mutant Vinax v pK for pH; Hill coefficient
nmol/mg/min %
WT 30.0 = 1.0 100 * 3.4 6.69 +0.03 1.41*0.12
LIl 120 £ 0.5 88.2 +3.8 6.49 +0.03 1.38*0.10
LI2 109 * 0.4 369+ 1.4 6.30 = 0.06 133 *0.17

(Fig. 4, A and B). Interestingly, such alkalinization was dra-
matically inhibited by L11, LI2 (Fig. 4, A-C), and other muta-
tions (supplemental Fig. S3) incorporated into the entire
NHE1 molecule, suggesting that the PE/DAG-promoted
interaction of LID with the plasma membrane may be essen-
tial for NHE1 activation.

Moreover, these mutations decreased cytosolic H* affinity
for NHE1 as shown by the acidic shift of pH; dependence (Fig.
4D and Table 2) as well as the maximal activity at acidic pH;
(supplemental Fig. S4), thus reducing the basal exchange activ-
ity particularly in neutral pH; range. These observations suggest
that LID-membrane interaction is also required for optimal
NHEL1 function in the resting state. PIP, would be the most
important lipid for this function (20, 21). However, under rapid
PIP, breakdown after receptor stimulation, most LID probes
remain in the plasma membrane (supplemental Fig. S5 and
movie S6), and exchange activity is uninhibited (no decrease in
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rich protein kinase C substrate
(MARCKS) from the plasma mem-
brane to the cytoplasm (Fig. 54) in
response to PKC-mediated phos-
phorylation (33), and five known
PKC inhibitors almost completely
inhibited this PMA-induced MARCKS
translocation, indicating that the
test compounds could inhibit PKC.
However, under similar conditions,
bisindolylmaleimide I, calphostin C,
Go-6976, and Ro-32—- 0432 had only a marginal inhibitory effect
on alkalinization, but staurosporin completely inhibited alka-
linization (Fig. 5B). These results suggest that PKC is not
majorly involved in PE- or hormone-induced NHE1 activation.
We next determined why only staurosporin completely inhib-
ited NHE1 activation. Similar to LID mutations and unlike cal-
phostin C, staurosporin by itself decreased cytosolic H™ affinity
(Fig. 5C and Table 3), suggesting that staurosporin directly acts
on the NHE1 molecule. Furthermore, staurosporin completely
blocked PMA-induced translocation of LID to the plasma
membrane, possibly through competition with PMA at LID
(Fig. 6, A and D and supplemental movie S8). Similar inhibition
by staurosporin was observed in the case of OAG- and phe-
nylephrine-induced translocation of LID (data not shown). In
contrast, calphostin C, which does not inhibit NHE1, had no
effect on LID, although it completely inhibited PMA-mediated
PKC8-Cla translocation (Fig. 6, B and D and supplemen-
tal movie S9). The opposing translocation effects of staurosporin
and calphostin C on PKC8-Cla are attributable to their different
competition sites; staurosporin binds to the ATP-binding site of
PKC, whereas calphostin C binds to the PKC8-Cla domain. Stau-
rosporin itself at least partly reduced membrane localization of
LID (supplemental Fig. S7), suggesting that it can inhibit lipid
binding of LID. These results indicate that both staurosporin-in-
duced reduction in H™ affinity and abolishment of NHE1 activa-
tion occur via interactions between staurosporin and LID,
not via inhibition of PKC. Like staurosporin but with a
weaker effect, the PE analogue 4a-PMA inhibited both
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FIGURE 5. Effect of PKC inhibitors and 4a-PMA on PE-induced NHE1 acti-
vation. A, effect of PKC inhibitors on the translocation of myristoylated
alanine-rich C kinase substrate (MARCKS) from the plasma membrane to
the cytoplasm. Cells transiently expressing the MARCKS-GFP protein were
preincubated with PKC inhibitors (1 um each) for 15 min, and then PMA (1
M) together with these inhibitors were added at time 0. These PKC inhib-
itors almost completely abrogated the translocation of MARCKS from the
plasma membrane to the cytoplasm, confirming that they inhibited PKC.
BIM, bisindolylmaleimide [; CalC, calphostin C; Go, Go-6976; Ro, Ro-32-
0432; and St, staurosporin, Scale, 10 um. B, under conditions similar to
those in the experiment of MARCKS translocation, the effect of PKC inhib-
itors on PMA- or phenylephrine (Phe)-induced NHE1 activation was exam-
ined. Except for staurosporin (St), all other PKC inhibitors tested had only
a marginal inhibitory effect on NHE1 activation. C, staurosporin, but not
calphostin C, decreased cytosolic H* affinity in WT-NHE1-expressing cells.
D, 4a-PMA competitively inhibited PMA-induced cytoplasmic alkaliniza-
tion. *, p < 0.05; **, p < 0.01.

TABLE 3

Summary for 22Na™ uptake activity (Fig. 5C) measured in cells
expressing wild-type NHE1 in the presence of calphostin C or
staurosporin

The EIPA-inhibitable *?Na™* uptake was fitted by nonlinear least squares analy-
sis to a Hill equation. V,_, is the *?Na* uptake activity at a very low pH, and
normalized by V, .. in the absence of inhibitors. Although calphostin C and
staurosporin did not affect V,, St significantly reduced the pK value. Data are
the best-fitted values * S.E.

Treatment V nax Normalized V. pK for pH; Hill coefficient
nmol/mg/min %

None 30.1 £ 0.4 100 = 1.3 6.62+0.03 146 *0.13

Calphostin C  29.8 = 1.1 99.3 £3.7 6.70 £ 0.02 1.70 = 0.10

Staurosporin  29.8 = 2.9 99.3 £9.7 6.40 = 0.04 1.70 +0.21

PMA-induced NHEL1 activation and LID recruitment to the
plasma membrane, apparently in competition with PMA
(Figs. 5D and 6, C and D and supplemental Fig. S7 and
movie S10). Partial inhibition of PMA-induced translocation
was also observed for Go-6976 structurally related compound
of staurosporin (supplemental Fig. S7), which appears to
slightly inhibit NHE1 activation (Fig. 5B).
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DISCUSSION

We analyzed the biochemical properties of LID, a critical
regulatory region of NHEL, to gain insights into the molecular
mechanism underlying the hormonal activation of NHE1. We
found that (i) PEs directly interact with the LID of NHE1 in
vitro, (ii) GFP-LID translocates to the plasma membrane in
response to PEs, OAG, and a1AR agonists, suggesting that the
direct interaction of PEs/DAG with LID increases LID affinity
to the plasma membrane. Furthermore, mutations affecting
LID (particularly LI2) markedly inhibit the above interactions
and abolish PE- or alAR agonist-induced NHE1 activation,
supporting the view that NHEL1 is activated through the direct
interaction of LID with PEs/DAG, followed by stronger inter-
action with the plasma membrane (see Fig. 6E for the schematic
model). Compared with LI2, LI1 mutation had a weak inhibi-
tory effect on lipid binding (Fig. 3C), but resulted in complete
abrogation of NHE1 activation (Fig. 4, B and C). NHE1 activa-
tion may occur via multiple sequential steps including PEs/
DAG binding, conformational change of LID and subsequent
increased association of LID with membranes. LI1 mutation
partially inhibited PE binding and completely inhibited mem-
brane translocation of LID. Thus complete abrogation of NHE1
activation would be due to an overall consequence resulting
from inhibitions of multiple events by LI1 mutation.

Experimental evidence indicated that the C terminus (~40
residues) of LID is required for its interaction with PEs. Further,
we observed that the N-terminal peptide of LID (GC20) prefer-
entially interacted with acidic lipids (data not shown), support-
ing a previous report that positive charge clusters in the LID N
terminus may be important for electrostatic interactions (20).
However, the interaction of LID with the plasma membrane
was abrogated by mutations in the C terminus (LI2 etc.) as well
as those in the N terminus (mutations of basic residues, etc., see
supplemental Fig. S3), indicating that the entire region encod-
ing the LID is important for the association of this domain with
cell membranes. Further experiments will be required for elu-
cidating whether LID is separated into several functional sub-
domains and how PEs/DAG increase the interaction with
membrane lipids via possible structural coupling between these
subdomains.

We identified several residues, for example, Leu-573 and Ile-
574 that were important for the binding of PEs to LID. Unlike
LID, the C1 domains of PKC and other “nonkinase” proteins
such as chimerins and Munc13 coordinate two Zn>* ions with
conserved cysteine and histidine residues (34, 35). Although the
amino acid sequences of the LID and PKC-C1 domain exhibit
partial homology, LID does not possess residues coordinating
Zn>" ions (supplementary Fig. S8). Thus, LID is a previously
unrecognized motif of PE binding. Because of the marked dif-
ferences between the LID sequence and the sequences of
known PE targets, the existence of this domain may have been
overlooked in many membrane proteins, despite its functional
importance. PE binding to LID occurs at micromolar concen-
trations of PEs, at least, in vitro. Thus, the affinity of PEs to LID
may not be sufficiently high for their interaction with NHE1 in
cells. However, we observed that despite the apparent low
affinity, submicromolar concentrations of PEs were capable
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domain of NHE1 in the early phase
(~1 min) after receptor stimulation
(37, 38). In addition to such regula-
tion, our present findings indicate
that DAG directly contributes to the
prolonged activation of NHE1. It
should be noted that NHE1 activity
is not inhibited even under the con-
ditions of reduced PIP, levels after
receptor stimulation. This finding
can be best explained by the broad
lipid specificity of LID and the pre-
dominant presence of acidic phos-
pholipids like phosphatidylserine in
the inner leaflet of the plasma mem-
brane (39). By interacting with dif-
ferent lipids, LID would be able to

activation

/ \\ preserve basal exchange activity and
// \\ render NHE1 further activatable
P d PESIDAG St 4a-PM R\ d}?sp:e PII}’12 breakdown. However,
‘ |3 this othesis appears to contra-
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5’20 i stimulation produces different ef-

FIGURE 6. Differential effects of lipophilic compounds on plasma membrane translocation of LID. A, stau-
rosporin (St) inhibits PMA-induced LID (upper), but not PMA-induced PKC3-C1a (lower), plasma membrane
translocation. B, in contrast, calphostin C (CalC) does not inhibit PMA-induced LID (upper) translocation, but
does inhibit PKC3-C1a (lower) plasma membrane translocation. C, similar to staurosporin, 4a-PMA partly inhib-
its LID, but not PKC5-C1a, plasma membrane translocation. D, relative change (%) in the fluorescence intensity
of GFP-LID localized in the plasma membrane before and after (10 min) the addition of PMA and/or other
reagents. Means = S.E. (n = 5-7).%,p < 0.05 versus PMA alone. E, schematic models for NHE1 regulation (upper)
with LID (lower). In the resting state, physiological NHE1 activity is preserved by interaction of LID with mem-
brane phospholipids. Upon PE or receptor stimulation, PE/DAG binds to LID (probably its C-terminal portion),
induces a conformational change to increase its affinity for membrane lipids, and thereby increases H* affinity,
leading to NHET activation. Mutations or interaction with some lipophilic compounds such as staurosporin
reduce the affinity of LID to lipids, and thus inhibit NHE1 by decreasing H™ affinity.

of activating NHE1: alkalinization was detectable at 0.03 um
SAPD (Fig. 4C). Furthermore, (i) incubation of GP57 with
membrane lipids increased the affinity of PEs to LID (Table
1), and (ii) SAPD fluorescence in the medium was observed
to rapidly and strongly accumulate within the cells (data not
shown). The latter observation suggests that the concentra-
tion of PEs in the cells is much higher than that in the
medium, and that the low concentration of added PEs is
sufficient for PE interaction with the LID of NHE1 within the
cells, despite the low affinity of PEs.

Stimulation of G protein-coupled receptors induces hydrol-
ysis of PIP, by phospholipase C, which in turn produces two
second messengers: DAG, which is a potent PKC activator, and
inositol 1,4,5-triphosphate, which releases the calcium stored
in the endoplasmic reticulum (36). We previously reported that
the released calcium activates NHE1 through the direct binding
of calcium/calmodulin to the autoinhibitory cytoplasmic
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fects on PIP, hydrolysis from those
produced by ATP depletion or
treatment with exogenous phos-
phatase: for instance, some local-
ized PIP, bound to NHE1 may not
be completely hydrolyzed upon
receptor stimulation and thus the
NHE1 activity may be preserved,
whereas localized PIP, may be
dephosphorylated by other treat-
ments, leading to robust inhibition
of NHE1 activity.

Although many studies have used PKC inhibitors to validate
the involvement of PKC in NHE1 regulation (41— 44), the effec-
tiveness of these inhibitors are variable. Therefore, in this study,
we assessed NHE1 regulation by using only those inhibitors
that completely inhibited MARCKS translocation under simi-
lar conditions. Our data suggest that PKC is not largely involved
in either PE- or hormone-induced NHELI activation; however,
we cannot rule out the involvement of PKC isoforms that do not
phosphorylate MARCKS. In this study, we identified stauros-
porin as a new type of NHE1 inhibitor. Interestingly, stauros-
porin inhibited NHE1 activity only by reducing its affinity to
H* without altering the maximal exchange activity at acidic
pH; (Table 3), in sharp contrast to amiloride derivatives, which
completely inhibit NHEL1 activity. Importantly, the NHE1 inhi-
bition by staurosporin was mediated through LID, which is
distant from the putative amiloride-binding sites, the trans-
membrane-spanning segments (45, 46). This observation is
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consistent with our previous findings that the juxtamembrane
cytoplasmic domain including LID is crucial for pH; sensing
(22, 47).

LID appears to bind various lipids or lipophilic compounds
with broad specificity and to serve as an essential module to
differentially regulate NHE1 activity, depending on the inter-
acting molecules. For example, 4a-PMA was a weak inhibitor of
PMA-induced NHELI activation (Fig. 5D). Surprisingly, okadaic
acid, a phosphatase inhibitor and known potent NHE1 activa-
tor (48), promoted LID translocation to the plasma mem-
brane,? probably via direct interaction between the two. This
broad specificity of LID is advantageous for NHE1, which is
regulated by a variety of signals, and explains the diverse regu-
latory mechanisms of different NHE isoforms. For example,
NHE1 and NHE2 are activated by PEs (49), whereas NHE3 and
NHES are inhibited by PEs (49, 50). Despite the relatively high
homology of LIDs among NHE isoforms, subtle differences
exist in the primary structure of these isoforms (sup-
plemental Fig. S8). These differences may lead to differences
between the regulatory effects of PE binding on NHE1/2 and
NHE3/5. This testable hypothesis will be analyzed in the future.

Many studies have reported that NHE1 is regulated by
phosphorylation-dependent pathways (6, 51-54). However,
the role of phosphorylation of the NHE1 molecule itself is
rather controversial; in our hands, no significant inhibition
of PMA- or hormone-induced NHE1 activation was detected
upon Ala-substitution mutations of several Ser residues
including the ones reported to be phosphorylated (data not
shown, but see Ref. 23). In conclusion, we propose a novel
phosphorylation-independent mechanism for transporter
regulation via “non-C1”-type PE receptors, which may be
distributed in many membrane proteins. Our findings may
help develop new LID-based therapies for cancer and heart
failure since drugs targeting LIDs are expected to selectively
block increments in NHE1 activity in response to various
stimuli.
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