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LC proteins are ubiquitously ex-
C pressed in both prokaryotes and

eukaryotes and play crucial roles
in chloride transport, volume regulation,
organelle acidification, and membrane
excitability (7). The family contains both
bona fide chloride channels as well as
Cl~/H™" antiporters (exchangers) and thus
straddles the line between channels and
transporters, which was traditionally
viewed by biophysicists as an absolute
black-and-white divide (2). CLC proteins
have therefore recently caused a great stir
in the biophysical community: it was a sur-
prise that membrane proteins built along
similar structural lines can support two ion-
transport mechanisms as fundamentally
different in terms of their thermodynamics
as “downhill” chloride flux following its
concentration gradient and Cl~/H™ ex-
change, which moves chloride “uphill”
against a concentration gradient (3, 4). In
contrast to the much better studied potas-
sium channels, where the ion-conducting
pathway lies at the interface of the four
subunits of the tetrameric channels and is
orientated perpendicular to the membrane
(5-7), CLC proteins are dimers that con-
tain two separate pores that “snake” their
way through each subunit (8, 9). However,
the exact mechanism of chloride flux or
transport through these “pores” or perme-
ation pathways is currently not clear and is
the focus of intense research.

The human genome contains nine CLC

proteins, which serve various physiological
functions and potentially constitute novel

www.acschemicalbiology.org

exciting drug targets for the treatment of hy-
pertension, osteoporosis, and gastrointesti-
nal and renal disorders (7). CIC-1 channels
are essential for controlling skeletal muscle
excitability, and mutations in the CIC-1 gene
cause congenital myotonia (muscle stiff-
ness) in humans, mice, dogs, and goats.
CIC-2 channels are widely expressed
throughout the body and play important
roles in volume regulation and transepithe-
lial fluid secretion. The CIC-2 activator lubi-
prostone (10), a bicyclic fatty acid metabo-
lite of prostaglandin E1, is the first clinically
used chloride channel modulator that was
approved by the U.S. Food and Drug Admin-
istration in 2006 for the treatment of chronic
constipation. In the kidney and the ear, trans-
epithelial chloride transport is mediated by
ClC-Ka and CIC-Kb, two closely related chan-
nels, which require barttin as a B-subunit
to form functional channels. Mutations in
either CIC-Kb or barttin result in Bartter’s
syndrome Il and IV, a defect in urinary con-
centration ability resembling diabetes in-
sipidus. The remaining five human CIC pro-
teins (CIC-3 to CIC-7) mainly reside in
membranes of the endosomal/lysosomal
system and in synaptic vesicles and seem
to function as Cl™/H™" exchanges (3) and
not as channels, similar to the bacterial
ClC-ec1 CI™/H™ exchanger (4). The vesicu-
lar CLCs are believed to facilitate endocyto-
sis and vesicle acidification, and mutations
in CIC-5 and CIC-7 have been shown to un-
derlie Dent’s disease (recurrent kidney
stones) and osteopetrosis (excessive bone
thickening) in both mice and humans.

ABSTRACT 4,4'-Diisothiocyanatostilbene-2,2’-
disulfonic acid (DIDS) has been used as an inhibi-
tor of anion transporters and channels since the
early 1970s. A study in this issue shows that DIDS
hydrolyzes in aqueous solution and then multim-
erizes to di-, tri-, tetra-, and pentameric polythio-
ureas, which inhibit both the bacterial ClC-ec1
Cl=/H" exchanger and the mammalian CIC-Ka
chloride channel 3—200 times more potently than
DIDS itself. The DIDS tetra- and pentamer could
potentially act as tethered blockers that simulta-
neously obstruct both chloride pathways in the
dimeric CLC proteins.
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Figure 1. Hydrolysis and subsequent oligomerization of the chlo-
ride channel blocker DIDS to polythioureas in aqueous solution.

With the exception of the above-
mentioned CIC-2 activator lubiprostone
(10), CLC chloride channels and exchang-
ers have a poorly developed pharmacology.
The “classical” chloride channel blockers,
4,4’ -diisothiocyanatostilbene-2,2'-disulfonic
acid (DIDS), niflumic acid, 9-anthracene-
carboxylic acid, and p-chlorophenoxy-
propionic acid, are all of low potency and se-
lectivity, and there is currently an urgent
need in the field for potent and selective
CLC modulators. For example, the most
commonly used tool compound, DIDS, in-
hibits the CIC-Ka chloride channel with an
IC5, of 100 uM and the bacterial ClC-ec1
Cl™/H™* exchanger with an IC,, of ~300 pM
and was long known to be unstable in aque-
ous solution. On page 419 of this issue,
Matulef et al. (11) describe that DIDS forms
thiourea oligomers in aqueous solution that
inhibit CLC proteins significantly more po-
tently than DIDS itself.
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The authors originally
were trying to crystallize
ClC-ec1 with DIDS bound
but soon realized that they
first needed to examine
the stability of DIDS before
attempting to soak DIDS
into the crystals or to co-
crystallize. While a freshly
prepared solution of DIDS
in aqueous phosphate
buffer rendered a single
peak when analyzed by
HPLC, solutions that had
been left at 50 °C for 48 h
no longer contained any
detectable DIDS but rather
five new, previously unde-
tectable peaks. To their
surprise, the authors
found that the hydrolyzed
DIDS mixture inhibited
ClC-ec1 much better than
DIDS itself (1ICs, ~5 WM in-
stead of 300 uM).

Matulef et al. therefore isolated each of
the five hydrolysis products by semiprepar-
ative HPLC and determined their structure by
mass spectrometry and *H NMR and
through independent chemical synthesis.
The five fractions corresponded to 4,4'-
diaminostilbene-2,2’-disulfonic acid
(DADS), a compound in which both isothio-
cyanate groups of DIDS had been hydro-
lyzed to primary amines, and four polythio-
ureas containing two, three, four, or five
DIDS units. The multimers are very likely
the result of a reaction of the amino groups
of DADS with the isothiocyanate groups of
DIDS to the dimer and subsequently to the
higher-molecular-weight trimer, tetramer,
and pentamer (Figure 1). Although the
amine DADS had no effect on CIC proteins,
the oligomers were found to be increasingly
potent CIC inhibitors. The pentamer re-
duced ClC-ec1 activity in flux assays with
an IC,, of 1.5 uM and blocked CIC-Ka in
electrophysiological experiments with an
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IC5, of 500 nM, making it the most potent
CIC blocker reported so far. Matulef et al. fur-
ther show that both the tetramer and the
pentamer directly bind to CIC-Ka by demon-
strating that a single amino acid mutation of
a residue on the extracellular side, which
had been previously identified to decrease
the affinity of DIDS (12), completely elimi-
nated inhibition.

Although the tetrameric and pentameric
DIDS derivatives identified by Matulef et al.
are unsuitable as potential drugs because of
their high molecular weight and their
charge, they constitute extremely valuable
new tool compounds with which to study
CIC protein function and structure. Interest-
ingly, the fully extended pentamer would be
long enough to simultaneously occlude
both chloride permeation pathways in the
crystal structure of the CIC-ec1 protein (8, 9).
Matulef et al. therefore speculate that the
pentamer acts as a tethered blocker and
suggest that the 200-fold increase in po-
tency in comparison to DIDS is due to the
compound binding to both subunits of the
dimeric protein (Figure 2). In this respect, it
would be interesting to test in the future
whether the hexamer or the heptamer might
be even more potent CLC blockers or
whether the pentamer already has the opti-
mal length for a tethered CLC blocker. For
structural studies, the pentamer will have
the great advantage that it is stable and will
allow investigators to attempt cocrystalliza-
tion of ClC-ec1 or other CLCs with the pen-
tamer. On the basis of these structures, it
should then be possible to perform
structure-guided drug design and eventu-
ally obtain more potent and selective CLC
modulators. In addition, there is the excit-
ing possibility that a blocker like the pen-
tamer might help stabilize ClC-ec1 in a
conformation different from that of the previ-
ously crystallized one and might help us to
obtain a different “snapshot” of the trans-
port cycle.
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Figure 2. The pentameric DIDS derivative could potentially block both chloride permeation pathways of the dimeric CLC proteins simultaneously
(ribbon rendering of the crystal structure of ClC-ec1 (Protein Data Bank 1KpK)).
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