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Mutations in all four known KCNQ potassium channel a-subunit
genes lead to human diseases'%. KCNQ1 (KvLQT1)" interacts with
the B-subunit KCNE1 (IsK, minK)’ to form the slow, depolariza-
tion-activated potassium current Ix>® that is affected in some
forms of cardiac arrhythmia. Here we show that the novel f3-
subunit KCNE3 markedly changes KCNQI1 properties to yield
currents that are nearly instantaneous and depend linearly on
voltage. It also suppresses the currents of KCNQ4 and HERG
potassium channels. In the intestine, KCNQl and KCNE3
messenger RNAs colocalized in crypt cells. This localization and
the pharmacology, voltage-dependence and stimulation by cyclic
AMP of KCNQ1/KCNES3 currents indicate that these proteins may
assemble to form the potassium channel that is important for
cyclic AMP-stimulated intestinal chloride secretion and that is
involved in secretory diarrhoea and cystic fibrosis.

KCNQ proteins have six transmembrane domains and probably
function as tetramers. In the heart and in the cochlea, KCNQ1
associates with KCNE1, a small protein which spans the membrane
only once’. Dominant mutations in either KCNQI (refs 10, 11) or
KCNELI (ref. 12) prolong cardiac action potentials in long-QT
syndrome. A total loss of function additionally causes deafness® by
impairing potassium secretion across the stria vascularis of the
cochlea. The positive apical membrane potential of these cells”
allows KCNQI1/KCNE1 channels to be open. KCNQI is also
expressed in several other tissues'’, but its role in these organs is
unclear. Pharmacological data have indicated that KCNQ1 may be
important for chloride secretion in the colon'. However, the
negative membrane voltage of intestinal epithelial cells would
prevent KCNQ1 or KCNQ1/KCNEI from being open. This suggests
that there may be another subunit.

We cloned the B-subunit KCNE3 (ref. 15) by homology to
KCNEL. It is a 103-amino-acid protein with a relative molecular
mass of ~12,000 (M, = 12K) that displays roughly 35% identity to
other KCNE proteins within the single transmembrane domain and
a following short stretch (Fig. 1). Northern analysis revealed a
prominent band in the kidney, moderate expression in the small
intestine and weaker bands in most other tissues including colon
and heart (see Supplementary Information).

We co-expressed KCNE3 with KCNQI through KCNQ4. KCNQ1

gave potassium currents that slowly activated at potentials more
positive than —40mV (Fig. 2a). Co-expression with KCNE1
enhanced the current amplitudes, slowed channel activation
and shifted the voltage dependence to more positive potentials®’
(Fig. 2b). Co-expression with KCNE3 caused a marked change in
the channel properties (Fig. 2¢c, d). Currents now had a linear I/V
relationship, were also present at negative voltages and were
nearly instantaneous. There was some time-dependent gating at
positive voltages. Ion substitution experiments showed that the
KCNQI1/KCNES3 channel is highly selective for potassium (Fig. 2e).
Co-expression of KCNQI with KCNEI and KCNE3 gave currents
that could not be distinguished from a linear superposition of
KCNQI1/KCNE1 and KCNQI1/KCNE3 channels (data not shown).
KCNQI currents are specifically inhibited by chromanol 293B, and
the sensitivity of KCNQ1/KCNE1 heteromers is increased' by a
factor of ~10. Chromanol 293B at 10 uM inhibited KCNQIl
channels by ~20%, and this inhibition was increased to ~85%
when KCNE3 was co-expressed (Fig. 2f). KCNQI1/KCNE3 channels
were inhibited by chromanol 293B with an inhibitory constant
K;=3uM (Fig. 2g). KCNE3 also increased the sensitivity to
clotrimazole, an inhibitor of distinct calcium- and cAMP-activated
potassium channels'”'®* (Fig. 2f). Barium (5mM) inhibited
KCNQI/KCNE3 currents by ~70% (data not shown). Like
KCNQI1 (ref. 19) and KCNQ2/KCNQ3 heteromers®, KCNQ1/
KCNE3 currents were enhanced by increasing intracellular cAMP
(Fig. 2h). To confirm that KCNQI and KCNE3 interact physically,
we transfected epitope-tagged versions of both subunits into
mammalian cells. Immunofluorescence showed that KCNQI
resided in the plasma membrane irrespective of whether it was
co-expressed with KCNE3. However, KCNE3 was distributed in
small vesicles in the cytoplasm when expressed alone (Fig. 3a), but
was transported to the plasma membrane where it colocalized with
KCNQI1 when they were expressed together (Fig. 3b, c). Also, in
Xenopus oocytes, co-injection with KCNQI1 greatly increased
surface expression”' of KCNE3 (Fig. 3d).

In contrast, currents from KCNQ2/KCNQ3 channels (which are
mutated in neonatal epilepsy”®) were not significantly affected by
the same level of KCNE3 expression (Fig. 4a, b). Currents from
KCNQ4, a channel that is mutated in dominant deafness®, were
largely suppressed by KCNE3 (Fig. 4c, d). Currents of the HERG
potassium channel are also modulated by KCNE1 (ref. 22) and
KCNE2 (ref. 15). Co-expression of KCNE3 strongly inhibited
HERG currents (Fig. 4e, f).

As KCNE3 expression in heart is weak compared with those of
HERG? and KCNEI (ref. 10), it is unclear whether the effect on
HERG is physiologically important. In situ hybridization of
cochlear sections with a KCNE3 probe revealed no specific signal
(J. P. Hardelin and C. Petit, personal communication), indicating
that it may not suppress KCNQ4 currents in sensory outer hair
cells®.

The interaction with KCNQ1, however, is highly significant. KCNE3
and KCNQ1 are expressed together in various tissues, including the
small intestine, colon and kidney'*"”. The KCNQ1/KCNE3 channel
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Figure 1 Primary structure of KCNE3. Amino-acid sequence comparison of human

KCNES (third line) with other KCNE proteins. Black background indicates residues that are
identical in KCNE3 and at least one other KCNE protein. The bar indicates the predicted
transmembrane domain. There is a conserved consensus site for N-glycosylation near the
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amino terminus, as indicated by the branched symbol. It is likely that all these proteins
have an extracellular N terminus, as also supported by the experiment shown in Fig. 3d.
Accession numbers are M26685, KCNE1; AF071002, KCNE2; AF076531, KCNE3;
AFQ076533, KCNE4 (ref. 17).
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is open at resting potentials and is therefore suitable for mediating
transepithelial transport. Several reports stress the importance of a
basolateral potassium conductance in cAMP-stimulated secretion
of chloride by colonic crypt cells''***=**, This channel is thought to
recycle potassium that is transported into the cell by the basolateral
NaK2Cl cotransporter. It thereby stimulates basolateral uptake of
chloride and hyperpolarizes the cell. Both effects increase the
driving force for the apical exit of chloride ions through the
CFTR chloride channel. The basolateral cAMP-dependent potas-
sium conductance was sensitive'**”? to chromanol 293B, a specific
inhibitor of KCNQI1/KCNE] (ref. 16). However, the voltage depen-
dence of KCNQ1 (and KCNQI1/KCNE1) channels predicts that they
would be closed at resting voltages. It also differs from the voltage
dependence of chromanol-sensitive potassium currents in native
intestinal crypt cells®. The chromanol-sensitive component of
potassium currents is instantaneous, has a linear I/V relationship
and is enhanced by intracellular cAMP (Fig. 5). It is also inhibited by
clotrimazole (data not shown). A similar linear I/V relationship was
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Figure 2 Modification of KCNQ1 currents by KCNE1 and KCNE3. Two-electrode voltage
clamp traces of Xenopus oocytes injected with cRNA encoding KCNQ1 (a), KCNQ1 and
KCNE1 (b) and KCNQ1 and KCNE3 (e). Voltage was clamped between —120 and +40 mV
(@, inset). Longer pulses were used in b. d, Averaged current/voltage relationships for
KCNQ1 (squares) and KCNQ1/KCNES3 (circles). Currents obtained after 2 s at the
respective voltages were averaged from 13 oocytes. e—h, Characterization of KCNQ1/
KCNE3 currents. e, Shift of reversal potential as a function of extracellular K*
concentration (53 mV per decade). Results are from 15 oocytes from two different
batches. f, Effect of chromanol 293B (10 M) and clotrimazole (clotr.; 20 wM) on KCNQ1/
KCNES3 and KCNQ1 (averaged from =5 oocytes). g, Dose—response curve for chromanol
293B of KCNQ1 (squares) and KCNQ1/KCNE3 (circles) channels. Currents were measured
after 2 s at clamping to +40 mV and averaged from six oocytes. This yields K, = 27 uM
for KCNQ1 and K, = 3 M for KCNQ1/KCNE3. h, Effect of raising intracellular cAMP on
KCNQ1/KCNES3 currents. Results are from 10 oocytes from two different batches. Error
bars indicate s.e.m. throughout.
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observed for a cAMP-activated, clotrimazole-sensitive, basolateral
potassium conductance in apically permeabilized T84 colon carci-
noma cell monolayers'®.

Our work indicates that KCNQ1/KCNE3 may be the molecular
basis of this colonic channel. KCNE3 renders KCNQ1 a constitu-
tively open channel with a linear I/V relationship. KCNQ1/KCNE3
channels share many other features with the native current of
colonic crypt cells: both are stimulated by cAMP'"**% and are
sensitive to micromolar amounts of chromanol 293B*7*. In the
human colon, chromanol 293B inhibited cAMP-stimulated secre-
tion of chloride with a similar inhibitory constant (K; = 5 uM)* as
that with which it inhibited human KCNQI/KCNE3 in Xenopus
oocytes (~3 uM; Fig. 2g). Both currents are also inhibited by
clotrimazole, which blocks both cAMP- and calcium-stimulated
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Figure 3 Stimulation of KCNE3 surface expression by KCNQ1. a, KCNE3 is localized in
numerous intracellular vesicles in a CHO cell transfected with epitope-tagged KCNES.
b, Surface staining for KCNE3 in a CHO cell cotransfected with KCNQ1. ¢, The same cell
stained for KCNQ1. As is common with overexpression of membrane proteins, there is
also labelling of intracellular structures which may correspond to the endoplasmic
reticulum and Golgi. d, Surface expression of epitope-tagged KCNE3 in Xenopus oocytes
using a luminescence detection method?'. The surface expression of KCNE3 in the
absence of exogenous KCNQ1 may be due to XKCNQ1 endogenous to Xenopus oocytes®.
Mean values from 15 oocytes are shown, with error bars indicating s.e.m.
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Figure 4 Effect of KCNE3 on other channels. a, b, Effects on KCNQ2/KCNQ3 heteromers;
¢, d, effects on KCNQ4; e, f, effects on HERG. Two-electrode voltage clamp
measurements of Xenopus oocytes, using the clamp protocol of inset in Fig. 2a. Currents
were averaged from more than seven oocytes. KCNE3 was co-injected in b, d, f, but was
lacking in a, ¢, e.
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Figure 5 Chromanol 293B-sensitive currents in rat colonic crypt cells. a, Whole-cell
voltage-clamp traces before and after addition of 10 wM chromanol 293B. From a holding
potential of —110 mV, the voltage was clamped for 500 ms to values between —100 and
+20 mV. The channels were activated by raising intracellular CAMP using 10 M forskolin
and 100 uM 8-CPT-cAMP, and were measured in the absence of CI™ and the presence of
10 nM charybdotoxin to inhibit CI~ channels and Ca*-activated K* channels, respectively.
Chromanol-sensitive currents showed no time-dependent relaxations even with pulses of
2 s (not shown). b, Current/voltage relationship of chromanol-sensitive current before and
after adding forskolin/cAMP.

1718 and which can block cholera-toxin-

intestinal chloride secretion
induced diarrhoea in animals*®.

In situ hybridization revealed both KCNQ1 and KCNE3 in crypt
cells of the small intestine and the colon (Fig. 6a—f). Consistent with
the finding that crypts are the predominant site of cAMP-stimulated
chloride and fluid secretion, expression of both KCNQ1 and KCNE3
decreased along the crypt—villus axis and paralleled that of the
CFTR chloride channel®. Importantly, cAMP-activated secretion of
chloride ions in the jejunum is also inhibited by chromanol 293B
(data not shown). Northern analysis revealed that both KCNQ1 and
KCNES3, but not KCNE], are expressed in T84 colonic epithelial cells
(Fig. 6g). These cells are a useful model system to study the
importance of basolateral potassium channels in chloride
secretion'”'®” and express the cAMP-activated channel that is
sensitive to chromanol and clotrimazole. By contrast, HEK293
kidney cells do not express these proteins.

Our work shows an unexpected effect on the gating of KCNQI of

control

2.4-

Figure 6 Localization of KCNQ1 and KCNE3 in the mouse small intestine and colon by in
situ hybridization. a—e, Small intestine sections hybridized with a KCNQ1 antisense probe
(@), a KCNE3 antisense probe (b) and a KCNQ1 sense probe as a control (¢). tm, tunica
muscularis. d—f, Colon crypts hybridized to KCNQ1 (d) and KCNE3 (e) antisense probes,
and a KCNE3 sense probe (f) as negative control. g, Northern analysis of T84 human colon
epithelial cells and HEK293 human embryonic kidney cells for expression of KCNQ1,
KCNE1 and KCNE3. 25 g total RNA was loaded per lane.
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a protein with a single transmembrane domain. It differs funda-
mentally from the effect of the structurally related KCNEI subunit,
promising interesting insight into mechanism of channel gating.
Furthermore, our results indicate that KCNQ1 and KCNE3 may
form the cAMP-activated potassium channel that participates in
cAMP-stimulated intestinal secretion of chloride ions, which is
reduced in cystic fibrosis and pathologically stimulated in cholera
and other forms of secretory diarrhoea. The rather broad and
partially overlapping tissue distributions of KCNQ1 and KCNE3
indicate that KCNQ1/KCNE3 channels may exert similar functions
in other tissues as well. O

Methods
Cloning and functional expression of KCNE3

KCNE3 was cloned by PCR on a clone from human colon complementary DNA (accession
no. AA133012) which we identified by a BLAST search of the dBEST database using the
KCNE2 sequence that we had identified by homology to KCNE1. The KCNE3 sequence has
been deposited into the database'®, but no effects on KCNQ and HERG channels had been
detected. The KCNE3 cDNA was inserted into vector pTLN®. From this clone (1 ng per
oocyte) and from KCNQ and HERG clones (10 ng per oocyte, respectively) was
synthesized and expressed and measured in Xenopus oocytes as described". In most cases,
KCNES3 injection by itself gave no currents. Sometimes there were small currents that may
have been due to an interaction with the xXKvLQT1 protein that is endogenous to Xenopus
oocytes’.

Measurements were performed in ND96 (96 mM NacCl, 2 mM KCl, 1.8 mM CaCl,, I mM
MgCl,, 5mM HEPES pH 7.4). In Fig. 2d, KCl was exchanged for equivalent amounts of
NaCl. Chromanol 293B** was added from a 10 mM stock, and clotrimazole from a 100 mM
stock (both in DMSO). Intracellular cAMP was raised in Xenopus oocytes by applying

1 mM IBMX and 10 wM forskolin =10 min.

Localization of KCNE3 and KCNQ1

In situ hybridization was performed on cryosections of mouse small intestine and colon
using mouse KCNQ1 and KCNE3 antisense and sense cRNAs in the DIG labelling system
(Roche). For immunodetection, KCNQ1 and KCNE3 were tagged at the amino terminus
with the FLAG- and HA-epitope, respectively, subcloned into pCDNA3, and transfected
into CHO cells. After two days, cells were studied by immunofluorescence using
monoclonal antibodies against these epitopes and secondary antibodies labelled with Cy2
and Cy3. To determine surface expression of KCNE3 in oocytes, we used HA-tagged
KCNE3 and untagged KCNQI and the enzymatic detection system as described®'.

Patch-clamp analysis of colonic crypt cells

We prepared colonic crypts as described” and performed whole-cell patch clamp
measurements. Cells were held at their membrane voltage and a clamp protocol was
applied every 15 as indicated in Fig. 5. Patch pipettes were filled with 95 mM
K-gluconate, 30 mM KCl, 1.2 mM NaH,PO,, 4.8 mM Na,HPO,, 0.73 mM Ca-gluconate,
1 mM MgCl,, 1 mM EGTA, 5mM b-glucose and 3 mM ATP. The bath solution contained
145 mM Na-gluconate, 1.6 mM K,HPO,, 0.4 mM KH,PO,, 8 mM Ca-gluconate, 1 mM
MgSO, and 5 mM p-glucose. cCAMP was raised by applying 5 uM forskolin and 100 uM
8-CPT cAMP to the bath. In some experiments the Ca**-activated K*-channel was
additionally inhibited by 5nM charybdotoxin.
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After apoptosis, phagocytes prevent inflammation and tissue
damage by the uptake and removal of dead cells'. In addition,
apoptotic cells evoke an anti-inflammatory response through
macrophages™. We have previously shown that there is intense
lymphocyte apoptosis in an experimental model of Chagas’
disease®, a debilitating cardiac illness caused by the protozoan
Trypanosoma cruzi. Here we show that the interaction of apopto-
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tic, but not necrotic T lymphocytes with macrophages infected
with T. cruzi fuels parasite growth in a manner dependent on
prostaglandins, transforming growth factor-f3 (TGF-f3) and poly-
amine biosynthesis. We show that the vitronectin receptor is
critical, in both apoptotic-cell cytoadherence and the induction
of prostaglandin E,/TGF-f3 release and ornithine decarboxylase
activity in macrophages. A single injection of apoptotic cells in
infected mice increases parasitaemia, whereas treatment with
cyclooxygenase inhibitors almost completely ablates it in vivo.
These results suggest that continual lymphocyte apoptosis and
phagocytosis of apoptotic cells by macrophages have a role in
parasite persistence in the host, and that cyclooxygenase inhibi-
tors have potential therapeutic application in the control of
parasite replication and spread in Chagas’ disease.

We have already shown that the onset of activation-induced cell
deathin CD4" T cells exacerbates parasite replication in co-cultured
macrophages infected with T. cruzi®. To investigate whether the
clearance of apoptotic cells predisposes macrophages to T. cruzi
infection, murine resident peritoneal macrophages were exposed to
apoptotic, necrotic or viable splenic T cells first, and then washed
and infected. Apoptotic, but not necrotic or living T cells increased
T. cruzi growth in macrophage cultures (Fig. la). Similar results
were obtained when apoptotic or necrotic cells were added after T.
cruzi infection (data not shown). Nevertheless, treatment of lym-
phocytes with the caspase-inhibitor zVAD-fmk peptide before
apoptosis induction, rescued T cells from death (data not shown)
and prevented the increase in parasite replication (Fig. 1b) in a dose-
dependent manner. In another model, peritoneal macrophages
from mice infected with T. cruzi were incubated with apoptotic or
necrotic cells. Apoptotic, but not necrotic cells also exacerbated
endogenous T. cruzi growth in these in vivo infected macrophages
(Fig. 1c). In agreement with in vitro results, a single in vivo injection
of apoptotic, but not necrotic cells in T. cruzi-infected mice resulted
in a sudden rise in parasitaemia (Fig. 1d).

Previous studies pointed to a role for an integrin in the recogni-
tion and ingestion of apoptotic cells by macrophages®’. We observed
that RGDS, but not RGES peptide blocked apoptotic cell binding
and reduced T. cruzi growth within macrophages (data not shown).
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Figure 1 Apoptotic cells exacerbate parasite growth in T. cruzi infection. a, Peritoneal
resident macrophages were either untreated (—) or exposed to Apo-1, Apo-2, Nec-1,
Nec-2 or to living cells (Liv). After 5 days, cells were removed and macrophages were
infected with T. cruzi; parasites were counted 10 days later. b, T cells (Apo) were treated
with the indicated doses of ZVAD-fmk (zVAD) before apoptosis induction (by heating) and
added to macrophages infected in vitro. Parasites were counted 7 days later. Maximal cell
death (100%) and increased parasite replication still occurred with zZVAD-fmk at 50 M.
¢, Macrophages from infected mice were exposed to Apo-1, Nec-1 or Nec-2 throughout
culture, and trypomastigotes counted 10 days later. d, Mice were injected 7 days after
infection with Apo-1 or Nec-2, and parasitaemia was monitored.
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