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The Na/H exchanger 3 (NHE3) and the Cl/HCO3 exchanger
down-regulated in adenoma (DRA) together facilitate intestinal
electroneutral NaCl absorption. Elevated Ca2�

i inhibits NHE3
throughmechanisms involving the PDZdomain proteinsNHE3
kinase A regulatory protein (E3KARP) or PDZ kidney 1
(PDZK1). DRA also possesses a PDZ-binding motif, but the
roles of interactions with E3KARP or PDZK1 and Ca2�

i in DRA
regulation are unknown. Wild type DRA and a mutant lacking
the PDZ interaction motif (DRA-ETKFminus) were expressed
constitutively in human embryonic kidney (HEK) and inducibly
in Caco-2/BBE cells. DRA-mediated Cl/HCO3 exchange was
measured as intracellular pH changes. Ca2�

i was assessed flu-
orometrically. DRAwas induced 8–16-fold andwas delivered to
the apical surface of polarized Caco-2 cells. Putative anion
transporter 1 and cystic fibrosis transmembrane regulator did
not contribute toCl/HCO3exchange in transfectedCaco-2 cells.
The calcium ionophore 4Br-A23187 inhibited DRA and DRA-
ETKFminus in HEK cells, but only full-length DRA was inhib-
ited in Caco-2 cells. In contrast, 100 �M UTP, which increased
Ca2�

i, inhibited full-length DRA but not DRA-ETKFminus in
Caco-2 andHEKcells. InHEKcells, which express little PDZK1,
additional transfection of PDZK1 was required for UTP to
inhibit DRA. As HEK cells do not express cystic fibrosis trans-
membrane regulator or NHE3, the data indicate that Ca2�

i-de-
pendent DRA inhibition is not because of modulation of other
transport activities. In polarized epithelium, this inhibition
requires interaction of DRA with PDZK1. Together with data
from PDZK1�/� mice, these data underscore the prominent
role of PDZK1 in Ca2�

i-mediated inhibition of colonic NaCl
absorption.

In the gastrointestinal tract electroneutral NaCl absorption
occurs in the distal ileum and proximal colon by parallel Na/H
exchange and Cl/HCO3 exchange. Studies in knock-out mice
have confirmed that NHE32 (Na/H exchanger, isoform 3;

SLC9A3) and DRA (down-regulated in adenoma; SLC26A3)
are the primary transporters responsible for these events (1, 2).
The importance of the latter is emphasized by the human
genetic disorder congenital chloride diarrhea (3), in which a
nonfunctional DRA leads to life-threatening diarrhea. DRA is
also expressed in the duodenum (in the lower villus) and in the
pancreas (4–6), where it is involved in chloride and bicarbon-
ate secretion together with CFTR (4–7). All three transport
proteins, NHE3, DRA, and CFTR, have PDZ interaction motifs
that facilitate binding to severalmembers of theNHERF class of
PDZ adapter proteins (8, 9).
Electroneutral NaCl absorption is regulated largely in paral-

lel but reciprocally with electrogenic chloride secretion (10). In
different systems NHE3 is acutely regulated by cAMP, cGMP,
intracellular calcium, lysophosphatidic acid, and epidermal
growth factor (11) as well as by tumor necrosis factor-� (12).
Notably, some of these regulatory processes are mediated
through the interaction of NHE3 with several members of the
NHERF class of PDZ adapter proteins (8, 11).
Relatively little is known about the acute regulation of DRA.

In the context of chloride and bicarbonate secretion, DRA is
activated by cAMP, if it is expressed in a complex with CFTR
and PDZ adapter proteins (PDZK1, also known as CAP70,
and/orNHERF) (6, 7, 13). It is expected that DRA is inhibited in
vivo in parallel with NHE3 during NaCl absorption, and in
Caco-2/BBE cells transfected with NHE3 and DRA, this cou-
pled inhibition has recently been shown (14). In Xenopus
oocytes DRA is refractory to regulation by the calmodulin
antagonist calmidazolium (10 �M), the PP2A inhibitor calycu-
lin A (100 nM), or actin-modifying agents (13). Other data sug-
gest that direct phosphorylation may regulate DRA, as muta-
tion of tyrosine 756 (Y756F) increases DRA activity, although
no signaling pathway has been suggested (13). Thus the regula-
tion of DRA remains poorly understood. Moreover, no data
address whether DRA regulation can occur independently or is
always dependent on regulation of partner transporters, i.e.
CFTR or NHE3, to which it is functionally and structurally
coupled.
Here we show that DRA activity is inhibited by elevations of

Ca2�
i, that this regulation is independent of CFTR and NHE3,

and that regulation requires interactions between DRA and the
PDZ adapter protein PDZK1.
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EXPERIMENTAL PROCEDURES

Materials—Trypsin, doxycycline, hygromycin, G418, and
Zeocin were from Invitrogen. 4Br-A23187 and PMAwere from
Biomol. Sulfo-NHS-SS-biotin and NeutrAvidin were from
Pierce. Alexa594-conjugated phalloidin, 2�,7�-bis(carboxy-
ethyl)-5,6-carboxyfluorescein-acetoxymethyl ester, and FURA-
2-AM were from Molecular Probes. Nigericin and all other
chemicals were from Sigma.
Cell Culture and Transfection—In our previous study we

have used a mixed population of HEK cells stably transfected
with EGFP-tagged wild type DRA (15). A full-length EGFP-
tagged DRA construct lacking the PDZ interaction domain (i.e.
lacking the C-terminal four amino acids ETKF) was cloned into
pEGFP-C1 (Clontech). HEK cells were transfected with
pEGFP/DRA (wild type) and pEGFP/DRA-ETKFminus, as
described previously (15), and clonal cell lines were established
by serial dilution. Two randomly chosen clones with compara-
ble Cl/HCO3 exchange activity were used for further studies.
EGFP-DRA and EGFP-DRA-ETKFminus fusion constructs

were subcloned into pTRE2[hygro]. Caco-2/BBE cells stably
transfected with the Tet-Off system (16) were transfected in
suspension while passaging the cells and grown for 24 h in the
absence of antibiotics. Cells were then passaged again and
diluted onto 100-mm dishes. The parental cell line is already
G418- and Zeocin-resistant, and transfected cells were thus
selected using 250 �g/ml G418, 50 �l/ml Zeocin, and 200
�g/ml hygromycin inDulbecco’smodified Eagle’smediumplus
10% fetal calf serum and 0.5% penicillin/streptomycin. Clones
appeared after 14–21 days, and those that showed green fluo-
rescence were recovered using cloning rings (Sigma). Two ran-
domly chosen clones with comparable Cl/HCO3 exchange
activity were used for further studies. Cells were used between
passages 5 and 12 after transfection. They were grown and split
in the presence of 20 ng/ml doxycycline, and only cells used for
functional studies were kept in the absence of doxycycline
immediately after passaging the cells.
PDZK1 was cloned by RT-PCR from a human ileal biopsy

(sense primer, CTC TTG GAT CCC CAG AAA TGA CCT
CCA CC, and antisense primer, AAG CTT TTA CTT GTT
TTCATCACATCTCTG). The sequencewas verified in pCR-
II-blunt, and the insert was subcloned into pEGFP resulting in
pEGFP/PDZK1. HEK/EGFP-DRA cells were transfected with
EGFP-PDZK1 as described previously (15), and clonal cell lines
were established by serial dilution.
Confocal Microscopy—Cells were washed with PBS, fixed for

10 min in 3.7% formaldehyde in PBS, and washed again in PBS.
They were then permeabilized for 5min using 1%Triton X-100
in PBS, washed, and blocked for 20 min using 1% bovine serum
albumin in PBS. The actin cytoskeleton was stained using
Alexa594/phalloidin (1:200 in PBS). The samples were washed
again three times in PBS andmounted using SlowFade (Molec-
ular Probes). The slides were visualized using a confocal micro-
scope (LSM510, Zeiss).
Measurement of Intracellular pH and Intracellular Calcium—

DRA activity was assessed as changes in the intracellular pH
(pHi) after removing chloride from the extracellular buffer. In
transfected HEK cells, pHi was measured exactly as described

previously (15). In transfectedCaco-2/BBE cells, pHiwasmeas-
ured as described previously (15) with minor modifications.
Because of the slow calibration of confluent Caco-2/BBE cells, a
one-point calibration at pH 7.0 was performed in some exper-
iments as described by Boyarsky et al. (17) after validating this
approach using the conventional calibration at pH 7.0, 7.5, and
7.8. The base-line pHi of the transfected Caco-2/BBE cells var-
ied from day to day. To analyze experiments from several days,
data for these cells are expressed as �pHi compared with base
line.
The pHi traces from the transfected HEK cells were analyzed

as described previously (18). This nonlinear curve-fitting algo-
rithm allows the estimation of the initial slope after the change
of the buffer solutions as well as the estimation of the maximal
pHi change from base line after removal of extracellular chlo-
ride. For the transfected Caco-2/BBE cells, �pHi values were
used in this algorithm instead of absolute pHi values.

For calcium measurements, cells were loaded with 1 �M

FURA-2-AM for 60 min. The sample was excited alternating at
340 and 380 nm (slit width 2.5 nm), and emission was collected
at 510 nm (slit width 2.5–3.5 nm). Data were recorded every
2.9 s. Intracellular calcium concentration was expressed as the
F380/F340 ratio.
Semiquantitative RT-PCR—RNA was prepared using the

RNAqueous kit (Ambion) according to the recommendations
of the manufacturer from 10-day confluent Caco-2/BBE cells,
in which expression of EGFP-DRA or EGFP-DRA-ETKFminus
was either repressed by the presence of doxycycline or induced
by its absence. cDNAwas synthesized using Superscript reverse
transcriptase (Invitrogen). PCR was carried out with 50 ng of
cDNA template in an ABI Prism 7000 system using the SYBR
green method. DRA (endogenous DRA and induced EGFP-
DRA), EGFP (induced EGFP-DRA), PAT1, CFTR, NHE3,
PDZK1, and E3KARP as well as histone 3.3A were amplified
using the following primers that were optimized for amplifica-
tion efficiency: histone 3.3A, TTCCAGAGCGCAGCTATCG
(300 nM) and TCTTCAAAAAGGCCAACCAGAT (300 nM);
DRA,GTGTCCTTTCTTGATGTTTCTTCAGT (200 nM) and
CGGTTAAGCTTCTCAATGAAGTCA (200 nM); EGFP,
CAAGCAGAAGAACGGCATCAC (300 nM) and GGACT-
GGGTGCTCAGGTAGGC (300 nM); PAT1, GGGTGC-
CCTCTCCTTTGTG (300 nM) and CCAGATGGGTCCA-
CACTGAAG (300 nM); CFTR, GGAAAAGGCCAGCG-
TTGTC (250 nM) and CCAGGCGCTGTCTGTATCCT (250
nM); NHE3, CTGTCCCTCTACGGCGTCTT (100 nM) and
GCTGCCAAACAGGAGGAAGTC (300 nM), PDZK1,
TGGAGGTGTGCAAACTTGGA (200 nM) and ACAC-
CCCCTTTTTACCTTGGA (200 nM); and E3KARP, GTCAC-
CCGTCACCAATGGA (300 nM) and CAGTGTCCTTGTCG-
GAACCA (200 nM). The data were analyzed by the ��Ct
method (��Ct � (Ct

sample � Ct
reference)doxycycline � (Ct

sample �
Ct

reference)no�doxycycline).
Surface Expression of EGFP-DRA in Transfected Caco-2/BBE

Cells—Cell surface expression was assayed by biotinylation
similar to that described in Ref. 19. 10-Day confluent Caco-2/
BBE cells expressing EGFP-DRAwere washed three times with
PBS (plus calcium and magnesium). The cells were then incu-
bated twice for 30 min with 1 mg/ml sulfo-NHS-SS-biotin
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(Pierce) in PBS (plus calciumandmagnesium). After removal of
the buffer, unbound biotin was quenchedwith 5mg/ml iodoac-
etamide in PBS (plus calcium and magnesium) plus 1% bovine
serum albumin for 5min. The cells were then scraped and lysed
in 1 ml of 60 mM HEPES, 154 mM NaCl, 3 mM KCl, 5 mM

NaEDTA, 3 mM NaEGTA, 1% Triton X-100, and 125 �l/ml
complete protease inhibitor mixture (Roche Applied Science)
by passing them 15 times through a 22-gauge needle. The
lysates were cleared by spinning for 10 min at 10,000 � g and
were then incubated with 100 �l of NeutrAvidin-agarose beads
overnight. Beads were separated by centrifugation for 1 min at
2500 � g, and bound proteins were eluted by boiling in 2�
Laemmli sample buffer for 3min. 30�l of the lysate and 60�l of
the eluate from the beads were separated on 8.5% SDS-PAGE,
blotted onto nitrocellulose (Schleicher & Schüll), and probed
with monoclonal anti-EGFP antibody (1:500; Clontech) and
anti-mouse (1:5000) secondary antibody (Jackson Immuno-
Research) using standard conditions. Bands were quantified
using ImageMaster 1D, version 3.0 software (Amersham Bio-
sciences), with manual background subtraction. Relative
changes of DRA surface expression were analyzed by normal-
ization of the band intensity of biotinylated EGFP-DRA to the
band intensity of total EGFP-DRA in the lysate.
Immunoblotting of PDZ Adapter Proteins—NHERF and

E3KARP were detected using antibodies described previously
(20, 21) at a dilution of 1:3000 each. PDZK1 and IKEPP were
detected using commercially available antibodies (catalogue
numbers PA3-16818 and PA3-16819ABR, Golden, CO) at a
dilution of 1:1000 each. Anti-rabbit secondary antibody (Jack-
son ImmunoResearch) was used 1:5000.
Statistical Analysis—All statistical calculations were done

using Jump 5.1 (SAS Institute, Cary, NC). All data are presented
as means � S.D. analysis of variance and t tests were applied
when appropriate.

RESULTS

In HEK Cells Increased Intracellular Calcium Inhibits DRA
Independently of Its PDZ Interaction Motif—Calcium-depend-
ent short term regulation of NHE3 has been studied in trans-
fected PS120 cells (19, 22). Thus we followed this approach and
used our previously established HEK cells stably expressing
EGFP-DRA (15). In these cells Cl/HCO3 exchange is about
eight times higher than in nontransfected cells. DRA activity
was measured as intracellular alkalinization upon removal of
chloride and intracellular re-acidification upon re-addition of
chloride. Intracellular calcium was increased by 10 �M 4Br-
A23187, which was applied 100 s before measuring DRA activ-
ity. Fig. 1A shows that 4Br-A23187 inhibited DRA activity both
by a reduced pHi change after removal of chloride (�pHi,
0.58 � 0.09 versus 0.36 � 0.09, �39%, p � 0.05) as well as by a
reduced initial slope (0.73 � 0.22 pH/min versus 0.40 � 0.17,
�45%, p � 0.05). The limited background Cl/HCO3 exchange
in untransfected cells was not inhibited by 4Br-A23187, indi-
cating that the effect is specific for DRA (data not shown).
Taken together these data demonstrate that DRA is inhibited
by intracellular calcium.
To address a role of PDZ adapter proteins in mediating the

calcium effect, the experiment was repeated in two clonal cell

FIGURE 1. In HEK cells 4Br-A23187 inhibits DRA independently of its PDZ
interaction motif. DRA activity was measured as intracellular alkalinization
and reacidification upon chloride removal and readdition. Intracellular cal-
cium was increased using 10 �M 4Br-A23187. A, in a mixed population (i.e.
nonclonal) of HEK/EGFP-DRA cells, the maximal pHi change and the initial
slope are reduced by 39 and 45%, respectively (both p � 0.05) (n � 8 –9 for
each group). B, in HEK/EGFP-DRA clone 4 cells, the maximal pHi change and
the initial slope are reduced 28 and 33% (both p � 0.05) (n � 4 –5 for each
group). C, in HEK/EGFP-DRA-ETKF-minus clone 3 cells, the maximal pHi
change and the initial slope are reduced 49 and 80% (both p � 0.05) (n � 4 – 6
for each group).
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lines, one expressing wild type EGFP-DRA and one lacking the
PDZ interaction motif (EGFP-DRA-ETKFminus) (Fig. 1, B and
C). In EGFP-DRA (wild type) expressing HEK cells, the maxi-
mal pHi change after removal of chloride was reduced by 28%
(�pHi, 0.58 � 0.08 versus 0.42 � 0.07, p � 0.05), and the initial
slope was reduced by 33% (0.60 � 0.14 pH/min versus 0.40 �
0.13, p � 0.05). In EGFP-DRA-ETKFminus-expressing HEK
cells, the respective valueswere�49% (�pHi, 0.60� 0.07 versus
0.30 � 0.15, p � 0.05) and �80% (0.94 � 0.16 pH/min versus
0.19 � 0.11, p � 0.05). Thus calcium-mediated DRA inhibition
induced by 4Br-A23187 was independent of the PDZ interac-
tion motif arguing against a role of PDZ adapter proteins in
transfected HEK cells.
Calcium-mediated Inhibition of DRA Does Not Involve Pro-

tein Kinase C—Cholinergic stimulation elicits a calcium signal
that activates protein kinase C (PKC) by translocation to the
apical plasmamembrane and thus inhibits brush border NHE3
in the ileum (23). Furthermore, stimulation of PKC by phorbol
ester has been shown to inhibit NHE3 in PS120 cells (24) and in
Caco-2 cells (25). Given the parallel action ofNHE3 andDRA, it
appeared possible that the inhibition of DRA by calcium
involved the activation of PKC. To test such an involvement,
PKC was activated by 100 nM PMA for 5 min. Fig. 2 shows that
DRA activity was unchanged after activation of PKC.
Stable Expression of DRA in Caco-2/BBE Cells—Because

DRA regulatory pathways may not be present in poorly differ-
entiated HEK cells, we expressed DRA and the ETKFminus
mutant in the differentiated intestinal epithelial Caco-2/BBE
cell line, which is a standard model of absorptive enterocytes.
Our previous attempts to transgenically expressDRA inCaco-2
cells have failed, perhaps because DRA expression retards
growth in several transfected cell lines, with the notable excep-
tion of HEK cells (26). To circumvent this problem, Caco-2/
BBE cells expressing the Tet-Off system (16) were transfected
with EGFP-DRA and EGFP-DRA-ETKFminus in the Tet-re-
sponsive pTRE2[hygro] vector, and stable clones were selected
by hygromycin in the presence of 20 ng/ml doxycycline, which

suppresses the expression of the gene of interest. Clones were
then tested for the expression of EGFP-DRA in the absence of
doxycycline. Established clones were kept in culture in the con-
tinued presence of doxycycline except for those cells that were
used for functional studies.
The effect of removal of doxycycline on the mRNA ex-

pression of EGF-DRA or EGFP-DRA-ETKFminus, PAT1
(SLC26A6), CFTR, and NHE3 as well as PDZK1 and E3KARP
was assessed by semiquantitative RT-PCR (Fig. 3). Removal of
doxycycline induced mRNA expression of DRA and DRA-
ETKFminus as well as EGFP by a factor of 8–16-fold (23 to 24).
Induction of EGFP was minimally (and statistically not signifi-
cant) greater than induction of DRA indicating relatively little
endogenous DRA expression compared with the induced
expression of EGFP-DRA. mRNA expressions of PAT1, CFTR,
NHE3, PDZK1, and E3KARP were all not significantly influ-
enced by the induction of EGFP-DRA or EGFP-DRA-
ETKFminus, and there were no differences between EGFP-
DRA- and EGFP-DRA-ETKFminus-expressing cells. Of note,
mRNAofNHE3was difficult to amplify evenwith several other

FIGURE 2. PKC is not involved in calcium-mediated inhibition of DRA. In a
mixed population (i.e. nonclonal) of HEK/EGFP-DRA cells, PKC was activated
using 100 nM PMA for 5 min (n � 4 –5 for each group).

FIGURE 3. Induction of EGFP-DRA by removal of doxycycline. Relative
changes of mRNA expression after removal of doxycycline were assessed by
semiquantitative RT-PCR and normalization to the expression of histone 3.3A
using the ��Ct method. DRA and EGFP mRNA were induced to a similar
extent by a factor of 8 –16-fold (23 to 24). There was no significant induction or
repression of mRNA expression of CFTR, PAT1, NHE3, PDZK1, or E3KARP in
either EGFP-DRA- or EGFP-DRA-ETKFminus-expressing cells. Of note NHE3
was very poorly amplified by several primer pairs, explaining the large stand-
ard deviation. n � 3.
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primer pairs (Ct values 	33) sug-
gesting little endogenous NHE3
expression in these cells.
Expression of EGFP-DRA and

EGFP-DRA-ETKFminus was con-
firmed by fluorescence micros-
copy for EGFP (Fig. 4A). EGFP-
DRA and EGFP-DRA-ETKFminus
are distributed at the apical
surface in a punctate manner,
suggestive of localization on
microvilli. To further substantiate
this, the actin cytoskeleton was
counterstained. Fig. 4B shows that
EGFP-DRA colocalizes with actin
cores of apical microvilli. Simi-
lar images were obtained with
EGFP-DRA-ETKFminus.
Possible Contribution of PAT1

and CFTR—mRNA of both PAT1
(SLC26A6) and CFTR was detected
by RT-PCR in our cells (Fig. 3).
PAT1 catalyzes Cl/HCO3 exchange,
andCFTRenhances PAT1 andDRA
activity in several models (6, 7).
Therefore, it was necessary to
examine the influence of PAT1 and
CFTR on the Cl/HCO3 exchange
activity in the EGFP-DRA-express-
ing Caco-2/BBE cells, i.e. after
induction by doxycycline re-
moval. Fig. 5 shows that Cl/HCO3
exchange was not affected by 100

FIGURE 4. DRA is expressed apically in transfected Caco-2/BBE cells. A, EGFP-DRA and EGFP-DRA-ETKF-
minus autofluorescence in transfected Caco-2/BBE cells appears in a punctate manner suggesting expression
in microvilli. B, this is supported by colocalization with the apical cytoskeleton, which was stained using
Alexa594-labeled phalloidin.

FIGURE 5. PAT1 and CFTR do not contribute to Cl/HCO3 exchange in Caco-2/BBE cells transfected with EGFP-DRA. To address the potential contribution
of PAT1 (SLC26A6) or CFTR in Cl/HCO3 exchange of EGFP-DRA-transfected Caco-2/BBE cells, 100 �M DIDS (left panel) or 10 �M CFTRinh-172 (right panel) were
applied before and during chloride removal and readdition. In both cases there was no statistical significant difference to control conditions, i.e. no inhibitor,
arguing against a functional contribution of either PAT1 or CFTR in DRA-mediated Cl/HCO3 exchange (n � 8 –10 for each group).
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�M DIDS, a concentration that predominantly inhibits PAT1
but not DRA (27) (maximal �pHi, 0.44 � 0.12 versus 0.45 �
0.18, 2% stimulation, p 	 0.05; and initial slope 0.37 � 0.08
pH/min versus 0.37� 0.10, 0% change, p	 0.05). Furthermore,
inhibition of CFTR by 10 �M CFTRinh-172 (28) also had no
effect on Cl/HCO3 exchange activity (maximal �pHi 0.50 �
0.13 versus 0.50 � 0.11, 0% change, p 	 0.05; and initial slope
0.42 � 0.07 pH/min versus 0.42 � 0.13, 0% change, p 	 0.05)
arguing against a functional interplay between CFTR and DRA
in these cells. Taken together the data presented in Figs. 3–5
suggest that EGFP-DRA- and EGFP-DRA-ETKFminus-trans-
fected Caco-2/BBE cells are a useful model to study DRA and
the potential role of its interaction with PDZ adapter proteins.
Calcium-mediated Inhibition of DRA in Caco-2/BBE

Cells—The effect of 4Br-A23187 on Cl/HCO3 exchange medi-
ated by DRA was then tested in the transfected Caco-2/BBE
cells. In wild type EGFP-DRA-transfected cells, 4Br-A23187
inhibited the maximal increase of pHi after chloride removal
significantly by 26% (�pHi, 0.59 � 0.19 versus 0.44 � 0.11, p �
0.05), and the initial slope nonsignificantly by 30% (0.61 � 0.34
pH/min versus 0.42� 0.16, p	 0.05). In themutant lacking the
PDZ interaction motif (EGFP-DRA-ETKFminus) neither the
maximal pHi increase (�pHi, 0.54 � 0.07, �12%, p 	 0.05) nor
the initial slope (0.66 � 0.40 pH/min versus 0.63 � 0.24, �8%,
p 	 0.05) was significantly reduced (Fig. 6). This suggests that
calcium-mediated inhibition ofDRA involves the interaction of
DRA with PDZ adapter proteins in Caco-2/BBE cells and, by
extension, in enterocytes.
Because 4Br-A23187 as an ionophore leads to a nonphysi-

ologic elevation of intracellular calcium, the calcium effect
needed to be verified by a physiological agonist. Therefore, we
tested UTP because it acts via stimulation of P2Y receptors and
is independent of protein kinase C (29). Furthermore, postcon-

fluent Caco-2 cells express P2Y receptors that can be stimu-
lated by UTP resulting in an increase of intracellular calcium
(30). This effect was confirmed in our EGFP-DRA-expressing
cells by comparing the magnitude of the calcium transient
induced by 4Br-A23187 with that induced by 100 �MUTP (Fig.
7). As expected the calcium signal was much greater after cal-
cium ionophore than after stimulation with 100 �M UTP. Sim-
ilar results were found in EGFP-DRA-ETKFminus-expressing
cells (data not shown). More importantly, superfusion of 100
�M UTP caused a significant inhibition of the maximal pHi
change (�pHi, 0.66 � 0.09 versus 0.55 � 0.09, �16%, p � 0.05)
without affecting the initial slope (0.92 � 0.35 pH/min versus

FIGURE 6. Calcium-mediated inhibition of DRA in Caco-2/BBE cells. In Caco-2/BBE cells transfected with EGFP-DRA (left panel) or transfected with EGFP-
DRA-ETKFminus (right panel), intracellular calcium was elevated by 4Br-A23187. This leads to an inhibition of DRA activity only in Caco-2/BBE/EGFP-DRA
(maximal pHi change �26%, p � 0.05; initial slope �30%, p 	 0.05, n � 16 for each group), suggesting that the PDZ interaction motif was required for
calcium-mediated inhibition. Caco-2/BBE/EGFP-DRA-ETKFminus was not inhibited (�pHi 0.54 � 0.07, �12%, p 	 0.05; initial slope 0.66 � 0.40 pH/min versus
0.63 � 0.24, �8%, p 	 0.05; n � 10 for each group).

FIGURE 7. Calcium transients induced by 4Br-A23187 and UTP in trans-
fected Caco-2/BBE cells. Calcium transients were measured in FURA-2
loaded, EGFP-DRA-expressing Caco-2/BBE cells in response to 5 �M 4Br-
A23187 and 100 �M UTP. The magnitude of the calcium signal induced by
4Br-A23187 is much higher than that induced by 100 �M UTP. Representative
traces of five experiments each are shown.
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0.90� 0.38,�1%, p	 0.05) only of wild typeDRAwhile leaving
the mutated DRA-ETKFminus unaffected (maximal �pHi
0.41 � 0.12 versus 0.40 � 0.11, �1%, p 	 0.05; and initial slope
0.40 � 0.18 pH/min versus 0.39 � 0.15, �1%, p 	 0.05) (Fig. 8).
Again this suggests that the PDZ interaction of DRA plays an
important role for the signal transduction of physiologic
changes of intracellular calcium on DRA activity.
UTP Inhibition of DRA Is Dependent on PDZK1—HEK cells

also express P2Y receptors that are coupled to intracellular cal-
cium (31). Therefore, we repeated the UTP experiment in
DRA-transfected HEK cells. Unexpectedly, wild type DRA was
not inhibited by UTP in these cells, although the calcium signal
was intact (Fig. 9, A and B).

To resolve the discrepancy of PDZ-dependent inhibition of
DRAbyUTP inCaco-2/BBE cells and the lack of it inHEK cells,
we tested the expressionNHERF, E3KARP, PDZK1, and IKEPP
in Caco-2, Caco-2/BBE, and HEK cells. We have previously
shown that NHERF, E3KARP, and PDZK1 (also known as
CAP70) interact with DRA (32, 33), and unpublished data from
our laboratory indicate that IKEPP also interacts with DRA.3
Fig. 9C shows that all three cell types express all four PDZ
adapter proteins. But the relative expression of E3KARP and
PDZK1 in HEK cells is much lower than in Caco-2 and Caco-
2/BBE cells.
Because PDZK1 has recently been shown in vivo to be

required for calcium inhibition of electroneutral NaCl absorp-
tion (34), we stably transfected PDZK1 into HEK/EGFP-DRA
cells to test whether this would establish UTP inhibition of
DRA. PDZK1 was expressed as an N-terminal EGFP fusion
construct. We have previously shown that this construct inter-
acts with DRA in vivo (33). Fig. 9D shows that UTP inhibited
DRA inHEK/EGFP-DRAcells that were stably transfectedwith

EGFP-PDZK1 (maximal �pHi, 0.53 � 0.07 versus 0.44 � 0.07,
�18%, p � 0.05, initial slope 0.82 � 0.19 pH/min versus 0.61 �
0.20,�25%, p� 0.05). This extends the findings in Caco-2 cells
and suggests that PDZK1 plays a prominent role in UTP-in-
duced inhibition of DRA.
Inhibition of DRA by Intracellular Calcium Does Not Occur

through Decreased Cell Surface Expression—The activity of
transport proteins can be regulated by changes in plasma
membrane abundance or by effects on membrane resident
transporters. Furthermore, PDZK1 has been implicated in
the cell surface expression of various transport proteins (35,
36). To test this, DRA cell surface expression was assayed by
biotinylation. In three experiments the amount of EGFP-
DRA expressed in the cell surface was not significantly
changed after 100 s of treatment with 5 �M 4Br-A23187
(�14 � 10%, p 	 0.05; n � 3).

DISCUSSION

This study was undertaken to test whether DRA is regulated
by elevated intracellular calcium and to determine whether this
involves interactions with PDZ adapter proteins. This question
was based on the following: (a) the known function of DRA in
electroneutral NaCl absorption (1, 3); (b) the known and well
characterized inhibition of NHE3 by intracellular calcium,
which involves complex formation with PDZ adapter proteins
(19, 22, 37, 38); (c) the known interaction of DRA with PDZ
adapter proteins of the NHERF class (32, 33); and (d) the
assumption that DRA should be inhibited in parallel with
NHE3. Nevertheless, parallel inhibition of NHE3 andDRAmay
not necessarily involve individual inhibition of DRA. It was also
conceivable that DRA and NHE3 are inhibited together in one
structurally coupled complex. Alternatively, DRA could also be
inhibited secondarily to NHE3 by its pHi dependence, which
results in a lower activity at more acidic pHi (18).3 G. Lamprecht and D. Natour, unpublished data.

FIGURE 8. Purinergic receptor stimulation inhibits DRA in Caco-2/BBE cells. Postconfluent Caco-2 cells possess P2Y receptors that can be stimulated by UTP
to induce physiologic intracellular calcium signals. 100 �M UTP inhibited DRA activity only in Caco-2/BBE cells transfected with wild type DRA (left panel,
maximal pHi change �16%, p � 0.05, initial slope �1%, p 	 0.05; n � 15 for each group) but not in cells transfected with the DRA mutant lacking the PDZ
interaction motif (right panel, maximal pHi change �1%, p 	 0.05, initial slope �1%, p 	 0.05; n � 12 for each group).
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We have used our previously established model of stably
transfected HEK cells (15), which do not express endogenous
NHE3 or CFTR, and a newly generated model of stably trans-
fected Caco-2/BBE cells, which express very little NHE3
detected by semiquantitative RT-PCR (Fig. 3) and by functional
assay (data not shown). Furthermore, we have studied a DRA
mutant that lacks the PDZ interaction motif (DRA-ETKF-
minus) to address the role of the PDZ interaction. This
approach can only be taken in transfected cells and not in an
animal model.
Our nonlinear curve-fitting algorithm of the pHi traces,

which is described in detail in Ref. 18, calculates for each indi-
vidual tracing the initial slope and the maximal change in pHi
after change from chloride-containing to chloride-free buffers.
These values are then used for the statistical analysis. Using this
analytical approach, we have previously obtained evidence that
DRA is activated by alkaline pHi (18), a finding thatwas recently
corroborated (39). Regulation of transport activity of DRAmay
principally occur through changes in Vmax (by changing the
number of DRA molecules in the plasma membrane or by
effects on the membrane resident transporter molecules) or by
changes of the pHi dependence of the transporter (the so-called
set point). Both in transfected HEK and in transfected Caco-2/
BBE cells, elevation of intracellular calcium had its major effect
on the maximal change in pHi, whereas the initial slope was
only affected when there were large effects on the maximal
change in pHi. This is indirect evidence that elevation of intra-
cellular calcium affects the pHi dependence of the transporter,
because changes in Vmax should always be reflected in changes
of both the initial slope and the maximal pHi change. This is
also supported by the lack of significant reduction of EGFP-
DRA surface expression after 100 s of treatment with 4Br-
A23187, a time point at which DRA activity was inhibited 26%.
Furthermore, in our model of polarized Caco-2/BBE cells, we
are measuring only gradient-driven transport across the apical
membrane. This needs to be taken into account when inter-
preting the magnitude of the effects on the maximal pHi
change. Under physiological conditions of transcellular trans-
port, small changes in the set point of DRA may translate into
much larger effects on transcellular absorption of chloride (and
sodium, mediated by NHE3).
In our previous work we did not find Cl/HCO3 exchange

mediated byDRA to be electrogenic, i.e.with a coupling ratio of
2 Cl for 1 HCO3, but this is controversial (13, 15, 39–41). If
DRA is electrogenic, inhibition by increased intracellular cal-
cium may alternatively occur indirectly through changes in
membrane potential, i.e. by depolarization of the cell and thus
decreased electrochemical driving force.
Recently DRA has been shown to be inhibited together with

NHE3 (or NHE2) in double-transfected Caco-2/BBE cells in
response to 15 min of treatment with 8-(4-chlorophenylthio)-
adenosine 3,5-cyclic monophosphate or thapsigargin (14). This
elegant study proved the functional coupling ofDRAandNHE3

FIGURE 9. UTP inhibition of DRA is dependent on PDZK1. A and B, in HEK
cells transfected only with EGFP-DRA, there is no inhibition of Cl/HCO3
exchange activity by 100 �M UTP (n � 8 –10 for each group) (A) despite a
typical peak and plateau-type elevation of intracellular calcium (B). C, lysates
from 14-day confluent Caco-2 and Caco-2/BBE cells and from HEK cells were
tested for the expression of endogenous NHERF, E3KARP, PDZK1, and IKEPP.
Note that in HEK cells E3KARP and PDZK1 are relatively underexpressed. The

nature of the upper band detected by the anti-PDZK1 antibody (arrowhead) is
unknown. D, UTP inhibits DRA activity (maximal pHi change �18%, p � 0.05;
initial slope �25%, p � 0.05; n � 10 –11 for each group) in HEK/EGFP-DRA
cells that are stably transfected with EGFP-PDZK1.
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and demonstrated regulatory effects on transcellular transport
of 22Na and 36Cl. These effects were accompanied by reduced
cell surface expression of DRA. In our experiments calcium
inhibition of DRA after 100 s was not accompanied by reduced
cell surface expression. At later time points (when calcium-
mediated inhibition of DRA did not progress), the amount of
DRA surface expression decreased (data not shown). Thus it
appears possible that calcium inhibition of DRA is a two-step
process involving early inhibition of transporters in the plasma
membrane as well as later retrieval of transporters from the
membrane. A similar scenario has been described for dopa-
mine-induced inhibition of NHE3 in the kidney (42).
Using different receptors and signaling pathways, several

physiologically important extracellular signals (carbachol,
serotonin, Escherichia coli heat-stable toxin b, and rotavirus
enterotoxin NSP5) eventually lead to an elevation of the intra-
cellular calcium concentration and to inhibition of NaCl
absorption (11, 14). In the case ofNHE3 inhibition, this involves
either the formation of a complex of NHE3, E3KARP, �-acti-
nin-4, and PKC (19, 22, 37) or the dissociation of a complex
containing NHE3 and PDZK1 (38).
We have previously shown that PDZK1 also strongly inter-

acts with DRA (33), but at that time we could not characterize
the physiological function of the interaction. In this study inhi-
bition of DRA was independent of its PDZ interaction in HEK
cells after generation of high intracellular calcium concentra-
tions by the ionophore 4Br-A23187. The physiological calcium
signal induced by UTP was intact but required supplementa-
tion with exogenous PDZK1 to establish PDZ-dependent inhi-
bition of DRA. These data suggest that PDZK1 targets or tailors
physiological and comparably small calcium elevations to the
effector protein DRA. InHEK cells, on the other hand, the non-
physiologic high calcium levels induced by 4Br-A23187 proba-
bly override this targeting of the calcium signal, and thus the
inhibition of DRA by 4Br-A23187 appears independent of the
PDZ interaction. The molecular mechanism by which PDZK1
mediates calcium-induced inhibition of DRA is currently
unknown. It most likely involves additional proteins binding to
PDZK1 and maybe also to DRA.
PDZK1 has been shown to mediate NHE3 inhibition in

transfected cells (38). Furthermore, colonic surface cells from
PDZK1 knock-out mice show loss of calcium inhibition of
NHE3 (34). In these colonic surface cells NHE3 and DRA are
coexpressed (32). Thus PDZK1 apparently has a prominent role
in the calcium-mediated inhibition of NaCl absorption.
In principle, the requirement of PDZK1 for calcium inhibi-

tion of DRA shown by the present data could also act at the P2Y
receptor or on any other target between the receptor and DRA.
Of the various P2Y receptor isoforms P2Y2 and P2Y4 have been
characterized in the colon, where they mediate increased chlo-
ride secretion by elevation of intracellular calcium (43). Caco-2
cells express P2Y6 receptors in addition to the P2Y2 and P2Y4
isoforms (44), which also signal through intracellular calcium.
HEK cells on the other hand express P2Y1, P2Y2, and P2Y4
receptors (31). Of these isoforms only P2Y1 receptors have
been shown to specifically interact with E3KARP but not with
PDZK1 (45). Furthermore, the C-terminal tails of the other
isoforms do not suggest that they include a type I PDZ interac-

tionmotif. Taken together, these data suggest that PDZK1 does
not act on the level of the P2Y receptor. Furthermore, the P2Y2
or the P2Y4 receptor is most likely the isoform that mediates
the UTP effect in our experiments. P2Y2 and P2Y4 receptors
stimulate chloride secretion in the colon (43). Based on our
data, it is tempting to speculate that purinergic receptor stim-
ulation may inhibit NaCl absorption in parallel.
In summary we have shown that the intestinal Cl/HCO3

exchanger DRA is individually and specifically inhibited by
physiologic elevation of the intracellular calcium level, that this
involves its interaction with PDZ adapter proteins, and that it
requires the presence of PDZK1. PDZK1 also has a prominent
role in the calcium-mediated inhibition of NHE3. Thus inter-
ference with PDZK1-mediated signal transduction may be an
attractive target for the treatment of some forms of secretory
diarrhea.
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