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ABSTRACT NHES3 is the Na*/H* exchanger located on
the intestinal and renal brush border membrane, where it
functions in transepithelial Na* absorption. The brush border
Na®* absorptive process is acutely inhibited by activation of
cAMP-dependent protein Kinase, but the molecular mecha-
nism of this inhibitory effect is poorly understood. We have
identified two regulatory proteins, E3KARP and NHERF, that
interact with NHE3 to enable cAMP to inhibit NHE3. The two
regulatory proteins are structurally related, sharing ~50%
identity in amino acid sequences. It has been previously shown
that when NHE3 is transfected into PS120 fibroblasts or
Caco-2 cells, cAMP failed to inhibit NHE3 activity. Northern
blot analysis showed that both PS120 and Caco-2 cells lacked
the expression of both E3KARP and NHEREF. In contrast,
other cell lines in which cAMP inhibits NHE3, including OK,
CHO, and LLC-PK;| cells, expressed NHERF-related regula-
tory proteins. To determine their functions in cAMP-
dependent inhibition of NHE3, E3KARP and NHERF were
transfected into PS120/NHE3 fibroblasts. Transfection in
PS120/NHE3 fibroblasts with either NHERF or E3KARP
reconstituted cAMP-induced inhibition of NHE3, resulting in
25-30% inhibition in these cells.

Increased cAMP elicited by enterotoxins and some neurotrans-
mitters results in stimulation of net Cl~ secretion and inhibition
of electroneutral NaCl absorption in intestinal epithelium (1). Cl~
secretion and inhibition of NaCl absorption by the apical
Na*/H* exchanger primarily occur in the crypt and villus epi-
thelial cells, respectively (1). Although inhibition of NaCl absorp-
tion and the apical Na*/H* exchanger in the small intestine is a
major contributor to diarrhea, very little is known about the
molecular mechanisms of the cAMP-dependent inhibition of the
absorptive process. Similarly, increased cAMP levels in renal
proximal convoluted tubules are associated with inhibition of the
apical membrane Na®/H™" exchanger (2).

NHES3 is the small intestinal as well as renal proximal tubule
brush border Na*/H™ exchanger that is involved in transep-
ithelial NaCl and NaHCOj absorption (see ref. 3 for review).
All Na*/H™" exchangers respond to a variety of stimuli,
including intracellular alkalinization, growth factors, hor-
mones, tumor promoters, and hypertonic stress, and the dif-
ferent biological effects resulting from such stimuli are be-
lieved to be mediated by activation of protein kinases (1, 4). It
was initially speculated that the regulation of Na*/H* ex-
changers by these stimuli is mediated by phosphorylation of the
exchanger. This speculation is based on the facts that most of
the biological stimuli affecting Na*/H* exchangers are be-
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lieved to be mediated by protein kinases, and the regulation of
Na*/H* exchangers was shown to be dependent on the
availability of cellular ATP (5-8).

However, recent studies showed that the protein kinase-
induced regulation does not always correlate with changes in
phosphorylation levels of the Na®/H™' exchanger and that
phosphorylation of the Na*/H* exchanger alone cannot ac-
count for its regulation (6, 9). Wakabayashi et al. (9) showed
that deletion of all major phosphorylation sites in the cyto-
plasmic tail of NHE1 failed to completely obliterate the
protein kinase stimulation. In addition, we have recently
observed that the stimulation of NHE3 by fetal bovine serum
and fibroblast growth factor and inhibition by phorbol ester in
PS120 cells did not affect the phosphorylation level of NHE3
(J. Yip, M.D., C.T., unpublished data). These observation led
to a hypothesis that, at least in some cases, Na*/H* exchangers
are regulated via accessory regulatory proteins that mediate
the cellular signals between protein kinases and the exchang-
ers.

Therefore, we initiated a study to identify some of the
proteins interacting with NHE3 by using a yeast two-hybrid
system. One of the clones obtained, E3KARP, showed a high
homology with the protein, NHEREF, previously identified by
Weinman et al. (11, 12). NHERF was identified by cellular
fractionation of rabbit renal brush border vesicles, and has
been shown to reconstitute cAMP-dependent inhibition of the
brush border Na*/H™" exchanger in renal brush border vesicles
in vitro (11). We show that both E3KARP and NHERF can
reconstitute the cAMP-induced inhibition of NHE3 in a cell
culture system, demonstrating the requirement for the pres-
ence of a regulatory protein.

MATERIALS AND METHODS

Yeast Two-Hybrid System. DNA encoding the entire cyto-
plasmic tail of NHE3 (amino acids 475-832) was cloned into
the yeast LexA DNA-binding vector pEG202 (13). The result-
ing plasmid, pEG:C3, was used as a bait in two-hybrid screen-
ing of a WI-38 human lung fibroblast cDNA fused to the
activation domain of GAL4 in the pJG4-5 plasmid. This cDNA
library was kindly provided by Claude Sardet (Centre National
de la Recherche Scientifique, Nice, France). To screen for
interacting proteins, the yeast strain EGY48 was sequentially
transfected with the bait plasmid and the cDNA library to
obtain ~3.5 X 10° primary transformants. Ninety-six of the
primary transformants grew in the absence of leucine and had
detectable B-galactosidase activity on 5-bromo-4-chloro-3-
indolyl B-D-galactoside (X-Gal) plates. Positive library plas-
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mids were rescued from the yeast colonies and were trans-
formed into EGY48 harboring a nonspecific bait, pPRFHM-1,
which is lexA DNA-binding domain fused to Drosophila bicoid
protein in pEG202 to reconfirm the specificity of the interac-
tion. Fifteen of the 96 initial positives interacted only with the
pEG:C3 bait and not with the pRFHM-1 bait. These clones
were sequenced and their sequences were compared with
sequences in databanks using National Center for Biotechnol-
ogy Information (NCBI) BLAST.

Expression of EBKARP and NHERF. To express E3KARP, the
c¢DNAs from two partial clones, C16 and C42, were cloned into the
mammalian glutathione S-transferase (GST) fusion protein vec-
tor, pBC (14). For transient expression of E3KARP, PS120/
NHE3V fibroblasts were transfected with pBC constructs using
lipofectin (GIBCO/BRL) and were grown for 48 hr before use.
PS120/NHE3V fibroblasts are PS120 cells stably transfected with
rabbit NHE3 tagged at its carboxyl terminus with an antibody
epitope (YTDIEMNRLGK) derived from vesicular stomatitis
virus glycoprotein (VSVG; refs. 15 and 16). For stable transfection
in PS120/NHE3YV fibroblasts, pBC constructs were cotransfected
with pPlo2 (a gift of J. Gearhart at The Johns Hopkins University
School of Medicine) for selection by hygromycin. To express
NHERF, the 1.9-kb ¢cDNA encoding NHERF was cloned into
PECE and cotransfected with pPlo2 for selection by hygromycin.
Cells resistant to 600 units/ml hygromycin were selected for eight
passages before the in vivo binding and the functional analyses.
Transfected PS120 fibroblasts were grown as previously published
®).

In Vitro and in Vivo Interaction. Two partial clones of
E3KARP, C16 and C42, were cloned into the maltose-binding
protein (MBP) fusion protein vector pMAL-c2 vector (New
England Biolabs). MBP and MBP fusion proteins were ex-
pressed in E. coli, and the recombinant proteins were purified
by immobilization to amylose—agarose beads according to the
manufacturer (New England Biolabs). To prepare cell extracts
of PS120/NHE3V fibroblasts, the cells grown to confluence in
a 10-cm Petri dish were lysed in N buffer (50 mM Hepes/Tris,
pH 7.4/150 mM NaCl/3 mM KCI/5 mM EDTA/0.1 mM
phenylmethylsulfonyl fluoride/1 mM aprotinin/1 mM pepsta-
tin/1 mM iodoacetamide) supplemented with 1% Triton
X-100, followed by centrifugation at 100,000 X g at 4°C for 20
min. The MBP fusion proteins (2 ug), bound to amylose—
agarose beads, were incubated (in the final detergent concen-
tration of 0.1% Triton X-100) with 1/10 of the PS120/NHE3V
fibroblast lysate prepared as above for 1 hr at 4°C. After
washing of the beads (three times in N buffer and three times
in N buffer containing 0.1% Triton X-100), protein complexes
bound to the amylose—agarose beads were separated on SDS/
polyacrylamide gels and coprecipitated NHE3V was immuno-
blotted with anti-VSVG antibody (a gift of D. Louvard, Curie
Institute, Paris; refs. 15 and 16).

For in vivo interactions between E3KARP and NHE3V,
PS120/NHE3V fibroblasts expressing GST-16, GST-42, or GST
control were lysed in N buffer containing 0.1% Triton X-100, and
GST fusion proteins were precipitated by immobilization to
glutathione—Sepharose beads. Following extensive washing of the
beads, protein complexes bound to the glutathione—Sepharose
beads were separated on SDS/polyacrylamide gels followed by
immunoblotting with anti-VSVG antibody.

Northern Blot Analysis. Human multiple-tissue Northern
blots (CLONTECH) were probed with cDNA probes, which
correspond to amino acids 264-436 for E3KARP and amino
acid 228-termination codon plus 409 bp of the untranslated 3’
end for NHERF. The cDNA probes were hybridized at 42°C
in 5% standard saline phosphate/EDTA (SSPE), 10X Den-
hardt’s solution, 2% SDS, 50% formamide, and 100 pg/ml
salmon sperm DNA. Blots were washed at room temperature
in 2X standard saline citrate (SSC)/0.5% SDS, followed by
high stringency washes at 55°C in 0.1X SSC/0.1% SDS.
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Western Blot Analysis. Western immunoblots were per-
formed as described previously (11). Polyclonal antibody was
prepared in rabbit against a synthetic peptide (KGPNGYG-
FNL) derived from the NHERF sequence (11).

Measurement of Na*/H* Exchange. The Na*/H" ex-
changer activities of stably transfected PS120 cells were studied
fluorometrically using the pH-sensitive dye, 2’',7'-bis(2-
carboxyethyl)-5,6 carboxyfluorescein (BCECF), and measure-
ment of Na™/H" exchange rates was done as described (5). All
comparisons were done on cells of the same passage and
number of acid loadings and studied on the same day to
eliminate variability in the basal rate of Na*/H™ exchange as
described (5). The values of Viax, K'(Hi") (apparent affinity
constant for intracellular H*), and napp (apparent Hill coef-
ficient) generated above were used for statistical analyses
(one-way ANOVA) to test whether or not there were differ-
ences between control and treated cells.

RESULTS

Nucleotide Sequence Analysis of E3KARP. Three (C16,
C42, and C54) of the clones obtained by the two-hybrid
screening encoded the same protein, which will be referred to
as E3KARP (NHES3 kinase A regulatory protein). C42 and
C54 were identical in nucleotide sequence encoding amino
acids 130-268, and C16 extended from amino acid 9 to the 3’
poly(A) tail. C16 lacked the first eight amino acid residues at
the amino terminus of E3KARP, since this was cloned as a
fusion protein to the GAL4 activation domain. A search of
protein sequence databases with BLAST revealed an identical
sequence (GenBank accession no. Z50150) cloned by A.
Ullrich’s group and, therefore, the 5’ coding sequence was
obtained by PCR based on the sequence in GenBank. The
BLAST search also revealed an identical nucleotide fragment
mapped at human chromosome 16p13.3 (17).

E3KARP encodes a protein of 451 aa with a calculated
molecular weight of 50,000 (Fig. 1). In contrast, NHERF is
composed of 353 aa with a deduced molecular weight of
39,000. E3KARP and NHERF share 44% identity, which is
mostly concentrated within the first 260 aa. The carboxyl
termini of the two proteins do not show any significant
similarity. Based on the limited degree of identity, E3KARP
does not appear to be a human homolog of NHEREF, but it is
a distinct protein. Whether these protein belong to the same
gene family cannot be predicted based on the sequence
homology. The first 260 aa of E3KARP contain two domains
(amino acids 9-96 and 151-237), which show >70% identity
between each other and between the equivalent domains of
NHERF. The BLAST search repeatedly identified the PDZ
(PSD-95, Dlg, and ZO-1) domains of the postsynaptic density
protein, PSD-95, and Drosophila disc large protein with high
degrees of homology (P = 2 X 105—1 X 10'9). The PDZ
domain is a module for protein—protein interaction (18, 19).

E3KARP Interacts with NHE3 in Vitro and in Vivo. To
corroborate the results obtained with the two-hybrid system,
the two clones of E3KARP, C16 and C42, were expressed as
recombinant fusion proteins to MBP in E. coli (Fig. 1Ba) and
purified by immobilization to amylose resins. The immobilized
proteins were incubated with lysate from PS120/NHE3V
fibroblasts. After extensive washing, bound NHE3V was ana-
lyzed by immunoblotting using anti-VSVG antibodies. As
shown in Fig. 1B, NHE3V specifically bound to MBP-16 and
MBP-42 but not to MBP control protein, confirming the
interaction of NHE3 with E3KARP in yeast.

To test whether NHE3 is able to interact with C16 and C42
in vivo, we expressed C42 and C16 as GST fusion proteins.
Initially, the pBC constructs were transiently transfected into
the PS120/NHE3V fibroblasts, but the transient expression
level of GST-16 did not yield any detectable amount of the
protein and therefore a stable cell line was generated for
GST-16. PS120/NHE3V /GST-16 was used for both the in vivo
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Fic.1. (A) Alignment of the amino acid sequences
of E3KARP and NHEREF. Identical amino acid resi-
dues are indicated by |. The conserved PDZ domains
are boxed. C42 and C54 were identical in size, encod-

E3KARP - M---AAPFPILRPRLCRLVRGEQGYGFHLHGEKGRRGQFIRRVEPGSPAEAAALRAGDRLVEVNG
| I N AR A0 o B

NHERF - MSADAAAGAPLPRLCCLEKGPNGYGFHLHGEKGHK IRLVEPGSPAEKAGLLAGDRLVEVNG
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NHERF
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NHERF - E;F%;éEIQKNNPETLLPAASESPRPALARSASSDTSEELASéD;PKKEDS4APSSTSSSSDPI

E3KARP - STSARHRWTGTGSVKSSATSEPLPACLGTLGPLPHGFWASACPELPQPQWTGGWSCHCPEISPS
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ing amino acids 130-268, and C16 extends from amino
acid 9 to the 3’ poly(A) tail. The amino-terminal
sequence of E3KARP (underlined) was obtained by
PCR based on the sequence in GenBank. (B) In vitro
and in vivo interaction of C16 and C42 with NHE3. (@)
MBP-16, MBP-42, and MBP control proteins were
immobilized on amylose—agarose beads and were in-
cubated with detergent-solubilized lysates from

© o N ® .
v < < -— PS120/NHE3V cells. Shown are immunoblots of
a oo - - NHE3V bound to MBP, MBP-16, and MBP-42. (b)
m mm w w » N PS120/NHE3V fibroblasts expressing GST, GST-42,
= =2 = 0o O O O or GST-16 were lysed and GST fusion proteins were
i . purified on glutathione—Sepharose beads. Copurified
WHESY — : - &= NHESY NHE3YV proteins were detected by Western immuno-
= blot. (Upper) Immunoblots of copurified NHE3V.
GST42 — > (Lower) Immunoblots of GST fusion proteins ex-
[ |— GST-16 pressed in PS120/NHE3V cells. (Left) GST and
GST-42 transiently transfected in PS120/NHE3V
GST — m - — GST cells. (Right) GST-16 and GST stably transfected in

interaction study and the functional characterization of
E3KARP. GST fusion proteins and GST control protein were
purified by immobilization on glutathione-Sepharose beads
and associated NHE3V was detected by Western immunoblot-
ting using polyclonal anti-VSVG antibodies. Fig. 1Bb shows
the NHE3V protein coprecipitated with GST-42 or GST-16
but not with GST control, demonstrating positive interaction
between NHE3 and E3KARP in eukaryotic cells.

E3KARP and NHERF Are Not Expressed in PS120 and
Caco-2 Cells. cAMP-mediated inhibition of the brush border
Na*/H" exchanger in ileal and renal tissues is well docu-
mented (1, 2, 4). However, when NHE3 was transfected into
PS120 fibroblasts or the human colonic carcinoma cell line
Caco-2, cAMP failed to inhibit NHE3 (5). We hypothesized
that this lack of cCAMP effect was due to the absence of
regulatory proteins essential for the cAMP effect. To test this
hypothesis, Northern blot analysis was performed to examine
the expression of E3KARP and NHEREF in PS120 fibroblasts,
Caco-2 cells, and rabbit ileal villus cells, in which cAMP
inhibits brush border Na* /H* exchanger, as a control. Fig. 24
shows that rabbit ileum expresses 1.8- to 1.9-kb transcripts for
both E3KARP and NHERF. In contrast, the transcripts were
absent in PS120 and Caco-2 cells, consistent with the above
hypothesis. The same size transcripts for both NHERF and
E3KARP were unexpected, but the cDNA probes used for
Northern hybridization correspond to the carboxyl termini of
E3KARP and NHERF, where no significant homology exists.
In addition, under the same conditions, the cDNA probes did
not crosshybridize to the other cDNA (data not shown).

Correlation Between the cAMP Effect on NHE3 and the
Expression of the Regulatory Proteins. We sought to deter-
mine whether the correlation between the cAMP effect on

PS120/NHE3V cells.

NHES3 and the expression of the regulatory proteins also exists
in other tissues. We determined the expression of regulatory
proteins by Western immunoblot using a polyclonal antibody
against NHERF (11). As shown in Fig. 2B, an NHERF-related
protein is expressed in OK, CHO, and LLC-PK; cells and
rabbit kidney in all of which cAMP causes an acute inhibition
of NHE3 activity (2, 11, 20-22). By contrast, an NHERF-
related protein is absent in PS120 fibroblasts (Fig. 2B).

E3KARP and NHERF Mediate cAMP-Dependent Protein
Kinase (PKA)-Dependent Inhibition of NHE3. To determine
whether the regulatory proteins would reconstitute cAMP-
induced inhibition of NHE3 activity, E3AKARP and NHERF
were expressed in PS120/NHE3V fibroblasts. In PS120/
NHE3V/NHEREF fibroblasts, treatment of the cells with 0.5
mM 8-bromoadenosine 3',5'-cAMP (8-Br-cAMP) for 5-10
min before measurement of Na*-dependent recovery resulted
in =~30% inhibition in NHE3 activity (Fig. 34; tabulated in
Table 1) by decreasing Vmax from 2,206 * 228 puM/sec for
untreated to 1,579 = 183 uM/sec for cAMP-treated cells,
without any effect on the affinity for intracellular H* [K'(H;")]
or the Hill coefficient (n,pp). The regulation of NHE3 activity
by the Viax effect by cCAMP is consistent with the previous
studies that NHE3 is regulated by changes in Viyax by second
messengers, such as fetal bovine serum, epidermal growth
factor, phorbol ester, and calmodulin (5). In contrast, 8-Br-
cAMP had no effect on NHE3 activity in PS120/NHE3V
fibroblasts (Fig. 3B).

E3KARP was expressed as GST-E3KARP (GST-16), which
we demonstrated to interact with NHE3V (Fig. 1B). As with
NHERF, GST-E3KARP expression resulted in ~30% inhibi-
tion of NHE3 activity by decreasing Vmax from 1,381 = 188
uM/sec for untreated to 998 + 164 uM/sec for cAMP-treated
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Fic. 2. (A4) Northern blot analysis of E3KARP and NHERF
expression in rabbit ileal villus cells, PS120, and Caco-2 cells. Two
micrograms of poly(A)* enriched RNA from either PS120 fibroblasts
or Caco-2 cells was electrophoresed per lane. For the rabbit ileal villus
cells, 30 pg of total RNA was used. Hybridization was done under
high-stringency conditions to avoid crosshybridization between
E3KARP and NHERF. (B) Western blot analysis of expression of
NHEREF. Lanes: 1, brush border membrane from rabbit kidney and
crude membranes from 2, CHO; 3, OK; 4, PS120; and 5, LLC-PK;
cells. All lanes were loaded with 15 ug of membranes and were probed
with polyclonal antibody against NHERF.

cells, with no effect on K'(Hj") or n,pp. In contrast, cAMP had
no effect on PS120/NHE3V/GST control cells (Fig. 3D).

Human Tissue Distribution of E3KARP and NHERF
mRNA. The presence of associated regulatory proteins for
Na*/H* exchangers have previously been predicted (9). How-
ever, finding two related proteins with the same function was
unexpected. To examine relative expression of E3KARP and
NHEREF in various tissues, Northern blot analysis was per-
formed on human tissues. Fig. 4 shows that the E3KARP
transcript is expressed in most human tissues. E3KARP tran-
script is present in human colon, small intestine, ovary, pros-
tate, spleen, heart, brain, placenta, lung, liver, skeletal muscle,
kidney, pancreas, and, to a lesser extent, thymus. No transcript
was detected in peripheral blood leukocytes. NHERF mRNA
distribution is similar to that of E3KARP except that the
NHEREF transcript is absent from lung and skeletal muscle and
present in a lesser amount in ovary. The expression of NHERF
in human spleen, heart, and brain is in contrast to the absence
in rabbit (12). In some tissues, additional transcripts of ~2.3
and/or 1.45 kb were present, but the significance of these
transcripts is not known.

DISCUSSION

Recent studies have shown that there is a discrepancy between
protein kinase/growth factor-dependent regulation of NHE3 and
the lack of changes in the phosphorylation level of NHE3.
Therefore, in the absence of changes in phosphorylation level of
NHES3, we hypothesized that there must be regulatory accessory
proteins that interact with NHE3 in response to growth factor/
protein kinase-mediated cellular signals. How the interaction
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with regulatory proteins affects Na*/H™ exchange activity is not
known. Nor is it known whether phosphorylation of regulatory
proteins is a prerequisite for the interaction with NHE3 to occur.
Our screening of regulatory proteins using a yeast genetic system
was performed in the absence of posttranslational modification
by protein kinases due to the limitation of the two-hybrid system
(23). That different sets of proteins might have been cloned in the
presence of second messenger modulation cannot be overlooked.
However, our preliminary data indicated that some proteins may
bind to NHE3 in the absence of second messenger modulation
(C.H.C.Y., unpublished data). In addition, Goss et al. (24) and
Lin and Barber (25) identified proteins that interact with NHE1
in the absence of any modulation by protein kinases. Therefore,
we made the assumption that some putative regulatory proteins
can interact with Na*/H*' exchangers even in the absence of
posttranslational modification and attempted to identify some of
the regulatory proteins for NHE3.

In this study, we describe the initial results of a systematic
screening for proteins that interact with NHE3. For this
purpose, we have used a yeast genetic system for direct cloning
of cDNAs encoding proteins that interact with a given target
protein. We used the cytoplasmic tail of NHE3 in a LexA
fusion expression plasmid as the bait for cloning since our
previous studies have shown the essential role of the carboxyl-
terminal tail in NHE3 regulation (26).

Three of the clones obtained encoded the same protein,
E3KARP. E3KARP shows a high degree of similarity with
NHERF (12). The alignment of the deduced amino acid se-
quences shows that there are two regions that are highly con-
served between the two proteins: amino acids 9-96 and 151-237
of E3KARP. These two regions, named PDZI (amino acids 9-96)
and PDZII (amino acids 151-237), share >70% identity between
each other and between the two proteins. These regions show a
significant identity (48-53%) to a motif known as a PDZ se-
quence motif (27). Recent studies demonstrated that PDZ do-
mains play a major role in protein—protein interaction, assembling
components involved in cellular signaling at the plasma mem-
brane (18, 19).

In light of these recent findings on the PDZ domains, the
presence of two PDZ domains in both regulatory proteins was
intriguing. In this present work, we have not specifically defined
domains within E3KARP necessary for the interaction with
NHE3, but the interaction of C42, which is mostly composed of
PDZII, with NHE3 in vivo and in vitro suggests that the PDZ
domain probably contributes to the interaction between NHE3
and E3KARP. A number of studies have shown that the PDZ-
binding sequence consists of a S/TXV motif at the carboxyl
terminus (18, 19). NHE3 lacks the S/TXV muotif at the carboxyl
terminus and the tagging of the VSVG epitope at the carboxyl
terminus of NHE3 (NHE3V) did not interfere with the binding
of NHE3 to E3KARP (Fig. 2B). This suggests that the interaction
does not involve the carboxyl terminus of NHE3 but occurs via
an internal site yet to be identified. An internal S/TXV motif has
been shown to be involved in binding to the PDZ domain of
another protein (28).

The ileal and renal brush border Na*/H™" exchangers are
characteristically inhibited by cAMP. However, when NHE3 as
well as NHE1 and NHE2 were transfected into PS120 fibro-
blasts or Caco-2 cells, cCAMP inhibition was not observed (5).
This absence of the cAMP effect is due neither to the inability
of PS120 fibroblasts and Caco-2 cells to respond to cAMP nor
to the inability of NHE3 to respond to cAMP. This is based on
the following facts: (i) B-NHE, a Nat/H* exchanger isolated
from trout red blood cells, is stimulated by cAMP when
expressed in PS120 fibroblasts (29); (ii)) Caco-2 cells can
respond to cAMP-induced cellular signals, since cAMP causes
Cl~ secretion in these cells (30-32); and (iii) the rat NHE3,
when expressed in the Na*/H™* exchange-deficient Chinese
hamster ovary fibroblast (AP-1), is down-regulated by 8-Br-
cAMP (21, 22). Therefore, we postulated that the lack of the
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FiG. 3. cAMP-induced inhibition of NHE3. Stably trans-
fected PS120 fibroblasts acidified with NH4Cl were either
recovered in Na* medium (O) or treated with 0.5 mM
8-Br-cAMP for 5-10 min before the recovery in Na* medium
(a). Na*t/H* efflux rates were calculated at various pHj, and
lines were fitted to the data using an allosteric model.
Treatment of (4) PS120/NHE3V/NHERF with 0.5 mM
8-Br-cAMP (a) inhibited the Na* /H™ exchange activity with
a decrease in Viax by ~30% with no effect on K’ (H;i") or napp.
(C) Similarly, PS120/NHE3V/GST-E3KARP was inhibited
by 8-Br-cAMP by a decrease in Vmax by ~28%. In contrast,
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cAMP effect on NHE3 in PS120 and Caco-2 cells is due to the
absence or underexpression of a protein(s) that modulates
NHE3 activity in response to CAMP in these cells. In accor-
dance with our hypothesis, neither PS120 fibroblasts nor
Caco-2 cells express E3BKARP or NHERF. We also showed
that other cell lines including AP-1, OK, and LLC-PK; cells,
in which NHE3 inhibition by cAMP was demonstrated, ex-
pressed NHERF-related proteins. Therefore, there appears to
be a correlation between the cAMP elicited inhibition of
NHES3 and the expression of the regulatory proteins. Since the
antibody used for the Western blot (Fig. 2B) was raised against
a peptide sequence (amino acids 158-172 of NHERF), which
is highly conserved in both NHERF and E3KARP, the anti-
body crossreacted with both NHERF and E3KARP
(C.H.C.Y., unpublished data). Thus it cannot be determined
by Western analysis whether one or both regulatory proteins
are expressed in these cell lines.

The first indication of the presence of a regulatory protein
for PKA-dependent inhibition of NHE3 came from Weinman
et al. (33), who used limited trypsin digestion of BBM proteins
to show that the activity of the BBM Na* /H* exchanger could
be dissociated from its inhibition by PKA. Subsequent frac-
tionation by column chromatography identified a 42- to 44-
kDa protein in renal brush border membrane vesicles (11). The
cDNA encoding NHERF has recently been isolated (12), but
a direct effect on cAMP-induced inhibition of NHE3 had not

" 0.80

T 1.00

PS120/NHE3 (B) and PS120/NHE3/GST (D) were not
affected by 8-Br-cAMP. Shown here are data from four or
more experiments for each condition.

been demonstrated until the present work. The expression of
either NHERF or E3KARP in PS120/NHE3 fibroblasts,
which lack any endogenous expression of these regulatory
proteins, reconstituted the PKA-induced inhibition of NHE3.
Either protein resulted in ~30% inhibition by PKA. The extent
of inhibition transduced by each regulatory protein is compa-
rable to the magnitude of cAMP-dependent inhibition re-
ported in brush border vesicles (34). It is not known whether
the two regulatory protein show an additive effect. Neither is
known whether E3KARP and NHEREF transduce cAMP effect
specifically on NHE3 or can reconstitute the cAMP-induced
regulation of NHE1 and NHE2. Of note, NHE1 did not show
any interaction with C16 or C42 by the two-hybrid system
(C.H.C.Y., unpublished data), suggesting that NHE1 is stim-
ulated by PKA via a different route than NHE3.

Human tissue distributions of E3KARP and NHERF tran-
scripts are remarkably similar, with the exception of lung and
skeletal muscle lacking the NHERF transcript. Both NHERF
and E3KARP transcripts are expressed in human intestine and
kidney, where NHE3 functions in Na* absorption. E3KARP
and NHEREF transcripts are also expressed in other human
tissues, including thymus, prostate, testis, ovary, spleen, brain,
and placenta, all of which also have human NHES3 transcripts
(35). However, the expression of NHERF and/or E3KARP
transcripts are not limited to tissues expressing NHE3. Heart,
lung, liver, skeletal muscle, and pancreas do not appear to

Table 1. Effects of cAMP on NHE3 activity in PS120/NHE3V fibroblasts transfected with NHERF
or E3KARP

Cell lines Treatment Vinax, WM/sec K'(Hi"), uM Mapp

PS120/NHE3V/NHERF Control 2,206 + 223 0.18 = 0.07 1.8

+ 8-Br-cAMP 1,579 + 183* 0.15 = 0.07 1.8

PS120/NHE3V Control 2,401 = 176 0.12 = 0.05 1.7

+ 8-Br-cAMP 2,283 = 170 0.12 + 0.04 1.7

PS120/NHE3V/GST-E3KARP Control 1,382 = 180 0.14 = 0.08 1.8

+ 8-Br-cAMP 998 + 164* 0.17 = 0.07 2.1

PS120/NHE3V/GST Control 1,796 = 124 0.11 = 0.04 1.8

+ 8-Br-cAMP 1,612 £ 172 0.10 = 0.05 2.0

Data are presented as means = SE. n = 4 for all experiments. Na®™/H* exchange activity measurements

shown in Fig. 3 are tabulated.
*P < 0.05 vs. control.
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Fic. 4. Expression of E3KARP and NHERF mRNAs in human
tissues. E3AKARP and NHERF cDNAs that do not crosshybridize were
used as probes. Both blots (Left, MTN blot II; Right, MTN blot) were
commercially prepared and purchased from CLONTECH. Northern
blot analyses were performed at four different times under the same
stringency conditions and therefore cannot be used to compare the
relative intensity between the blots.

NHERF

express NHE3 transcripts but do contain the transcripts of
E3KARP or NHERF, suggesting that these proteins may serve
functions unrelated to Na* absorption by NHE3. Interestingly,
the same cDNA (named TKA-1) was cloned by Alex Ullrich’s
group, and TKA-1 was preliminarily implicated in interaction
with the platelet-derived growth factor receptor (GenBank
accession no. Z50150).

Recent work by Moe et al. (21) have shown that the acute
inhibition of NHE3 by PKA is accompanied by an increase in
phosphocontent of NHE3 expressed in AP-1 cells. However, as
suggested by the authors, this indicates a potential role of
phosphorylation in NHE3 inhibition, but the necessity of the
NHE3 phosphorylation by PKA for the inhibition requires
further investigation. Based on the sequence homology, both
E3KARP and NHERF appear not to be kinases or phospha-
tases, suggesting that direct phosphorylation of NHE3 by these
regulatory proteins is unlikely. The deduced amino acid se-
quences of both E3KARP and NHEREF lack the classical PKA
phosphorylation motif, R-R/K-X-S (10), although NHERF,
but not E3KARP, has an alternative PKA consensus phos-
phorylation site at amino acid 340 (KRSS; ref. 12) and is
reported to be a phosphoprotein (34). Despite the lack of the
consensus phosphorylation site, recombinant E3KARP and
NHERF prepared from E. coli are substrates for phosphory-
lation by PKA in vitro (G. Lamprecht and C.H.C.Y., unpub-
lished data). Thus far, how the signal is transduced from PKA
to NHE3 is not known. In light of the findings by Moe et al.
(21), the direct phosphorylation of NHE3 by PKA seems
appealing. In this situation, the regulatory proteins may func-
tion by an as yet unknown mechanism to allow PKA to access
NHE23. However, the possibility of NHE3 inhibition by more
than one mechanism, one via phosphorylation of NHE3 and
the other via phosphorylation of the regulatory proteins,
cannot be ruled out.

Our present studies show that PKA-dependent inhibition of
NHE3 requires a regulatory protein to mediate the cellular signal.
Either E3KARP or NHEREF is necessary for the cAMP-
dependent inhibition of NHE3. The presence of both E3KARP
and NHEREF in intestine and kidney suggests a potential inter-
action between the two regulatory proteins. To our knowledge,
this is the first demonstration that proteins that contain PDZ

Proc. Natl. Acad. Sci. USA 94 (1997) 3015

domains are directly involved in signal transduction. However, the
role of the PDZ domains in interaction with NHE3 or other
regulatory proteins needs to be further investigated.
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